Aerosol characterization over a Central Asian site: long-term lidar profiling at Dushanbe, Tajikistan (March 2015 – August 2016) by Hofer, Julian
Aerosol characterization over a Central Asian site:
long-term lidar profiling at Dushanbe, Tajikistan
(March 2015 – August 2016)
Der Fakultät für Physik und Geowissenschaften
der Universität Leipzig
eingereichte
D i s s e r t a t i o n
zur Erlangung des akademischen Grades
Doctor rerum naturalium
Dr. rer. nat.
vorgelegt
von MSc. ETH Environ. Sc. Julian Hofer
geboren am 31. Mai 1986 in Bülach, Schweiz
Tag der Verleihung: 18. Mai 2020

Contents
1 Introduction 1
2 Dust belt, Central Asia, and CADEX campaign 4
2.1 Central Asia and the dust belt . . . . . . . . . . . . . . . . . . . . . 4
2.2 Soviet-American experiment 1989 . . . . . . . . . . . . . . . . . . . . 6
2.3 CADEX campaign . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3 Lidar theory and observable aerosol parameters 11
3.1 Lidar principle and basic equations . . . . . . . . . . . . . . . . . . . 11
3.2 Particle extinction and backscatter coefficient, and lidar ratio . . . . 13
3.3 Particle linear depolarization ratio . . . . . . . . . . . . . . . . . . . 14
3.4 Ångström exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5 Aerosol optical thickness . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.6 Microphysical/CCN/INP properties via POLIPHON method . . . . 17
4 Instruments and data 21
4.1 Multiwavelength polarization Raman lidar PollyXT . . . . . . . . . . 21
4.2 Calibration and quality assurance . . . . . . . . . . . . . . . . . . . . 22
4.3 Auxiliary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5 Observations part 1: case studies 28
5.1 Used lidar data set . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2 Examples of variety of dust layers and their origin . . . . . . . . . . 29
5.3 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.3.1 Case 1: 13 April 2015, lofted dust layer . . . . . . . . . . . . 31
5.3.2 Case 2: 8/9 August 2015, extreme dust event . . . . . . . . . 32
5.3.3 Case 3: 14 July 2016, most extreme dust event . . . . . . . . 34
5.3.4 Case 4: 13 May 2015, contrasting case with local pollution . 36
6 Observations part 2: climatological results 37
6.1 Aerosol layering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.2 General air mass origin . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.3 Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.3.1 AERONET measurements . . . . . . . . . . . . . . . . . . . . 42
CONTENTS
6.3.2 AOT calculation from lidar and comparison to AERONET . 44
6.3.3 AOT and DOT . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.3.4 Backscatter and depolarization ratio profiles . . . . . . . . . . 48
6.3.5 Extinction coefficient profiles . . . . . . . . . . . . . . . . . . 49
6.4 Microphysical and cloud-relevant particle properties . . . . . . . . . 51
6.4.1 POLIPHON example case . . . . . . . . . . . . . . . . . . . . 51
6.4.2 Mass and number concentration, and dust fraction . . . . . . 52
6.4.3 CCN properties of dust and non-dust . . . . . . . . . . . . . 55
6.4.4 INP properties of dust . . . . . . . . . . . . . . . . . . . . . . 56
7 Observations part 3: statistics of intensive optical properties 60
7.1 Layer-mean optical properties . . . . . . . . . . . . . . . . . . . . . . 61
7.2 Correlations between different optical properties . . . . . . . . . . . 67
7.3 Comparison to other observations . . . . . . . . . . . . . . . . . . . . 68
7.3.1 Dust lidar ratio . . . . . . . . . . . . . . . . . . . . . . . . . . 68
7.3.2 Dust particle linear depolarization ratio . . . . . . . . . . . . 70
8 Summary, conclusion, and outlook 71
References 91
Chapter 1
Introduction
Shrinking glaciers (Sorg et al., 2012, 2014; Ji et al., 2016; Farinotti et al., 2015;
Kraaijenbrink et al., 2017; Schmale et al., 2017) and desiccating of the Aral Sea
(Issanova et al., 2015; Li and Sokolik, 2017) are clear and unambiguous signs for
major and threatening effects of human activities and climate change in Central
Asia (Kazakhstan, Turkmenistan, Uzbekistan, Kyrgyzstan, Tajikistan, see Fig. 2.1).
Aerosol pollution and mineral dust are important components in the environmen-
tal/atmospheric system in this region which belongs to the northern hemispheric
dust belt extending from the Sahara in North Africa to the Taklamakan and Gobi
deserts in China (Ginoux et al., 2012; Ridley et al., 2016; Hofer et al., 2017). Long-
range transport of desert dust from the Sahara and the Middle Eastern deserts and
additional local and regional emissions of dust and aerosol pollution (anthropogenic
haze, biomass burning smoke) lead to a complex aerosol mixture and complex ver-
tical layering of aerosols in the planetary boundary layer and free troposphere over,
e.g., Dushanbe in Tajikistan (Hofer et al., 2017).
Although Central Asia is a hot spot region of severe environmental problems and
potentially dramatic climate-change effects, only a few observational studies on at-
mospheric aerosols were performed so far (e.g., Pachenko et al., 1993; Golitsyn and
Gillette, 1993; Chen et al., 2013) and with focus on Tajikistan by Abdullaev and
Sokolik (2019). First systematic characterizations of atmospheric aerosol pollu-
tion and dust conditions in terms of maps of aerosol optical thickness (AOT), and
Ångström exponent (describing the spectral dependence of AOT) for Central Asia
were recently presented by Li and Sokolik (2018) and Rupakheti et al. (2019). AOT is
a proxy for the tropospheric aerosol burden in the vertical column and the Ångström
exponent can be used to identify and separate dust and non-dust fine-mode aerosol
pollution fractions in the observed aerosol mixtures. These two studies are based
on well-established methods of passive remote sensing from space. However, passive
remote sensing does not allow us to adequately resolve the vertical aerosol structures
as needed in state-of-the-art environmental and climate research and modeling ef-
forts (Wiggs et al., 2003; Yorks et al., 2009; Lioubimtseva and Henebry, 2009; Huang
et al., 2014; Xu et al., 2016; Bi et al., 2016; Kipling et al., 2016; Kok et al., 2018;
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Shi et al., 2019). Active remote sensing with ground-based and spaceborne lidars is
required to provide the missing information on dust plume heights, dust long-range
transport features, and to detect even thin dust layers in the upper troposphere which
influence cloud and precipitation formation (Creamean et al., 2013; Ansmann et al.,
2019a,b). Liu et al. (2008b), Marinou et al. (2017), and Georgoulias et al. (2018)
provide height-resolved dust climatologies based on active remote sensing from space
with lidar aboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations) satellite. These studies focused on main dust source regions such
as North African, Middle East, and East Asian dust source regions. Such a dust
profile climatology, however, is still missing for Central Asia.
Motivated by these observational gaps, a multiwavelength polarization Raman aerosol
lidar was deployed at Dushanbe (38.6◦N, 68.9◦E, 864 m height above sea level,
a.s.l.), Tajikistan, in the framework of the CADEX (Central Asian Dust Experiment)
project. It was the first comprehensive characterization of optical, microphysical, and
cloud-relevant properties of Central Asian aerosol particles with a state-of-the-art
lidar. The lidar (PollyXT: POrtabLe Lidar sYstem, XT for extended version) (En-
gelmann et al., 2016; Baars et al., 2016) was continuously operated over a 18-month
period from March 2015 to August 2016. First results of the CADEX campaign were
presented by Hofer et al. (2017). Profiles of basic aerosol optical properties and dust
mass concentration in combination with vertically resolved dust source identification
for representative aerosol scenarios were discussed based on case studies. The final
results of this campaign are presented in Hofer et al. (2020a,b) and in this thesis.
The driving questions of this thesis are:
1. What is the vertical structure and temporal/seasonal distribution of aerosol
extinction above Tajikistan?
2. At which heights do aerosol layers occur above Tajikistan?
3. Which are the dominant aerosol types?
4. What are the main sources of the aerosol particles?
5. What are their optical, microphysical, and cloud-relevant properties?
These questions are addressed using more than 300 individual (day-by-day) analyses
of nighttime observations during CADEX which cover well the annual cycle of dust
and pollution aerosol layering.
The thesis is structured as follows. In Chapter 2, the geographic location of Taji-
kistan within the global dust belt is pointed out. The few available studies with
respect to aerosol profiling in that area are shortly summarized. The CADEX cam-
paign and the field site are introduced. In Chapter 3, the lidar principle and the
analysis methods to determine the aerosol optical, microphysical, and cloud-relevant
parameters are outlined. In Chapter 4, the used instruments and auxiliary data
are discussed. The calibration measurements and quality assurance efforts are pre-
sented. The results of the measurement campaign are divided into three different
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chapters. In Chapter 5, the used lidar data set is explained and four case studies
of different but typical aerosol conditions in Tajikistan are discussed. Chapter 6
covers the climatological results of aerosol layering, seasonally resolved extinction,
backscatter and depolarization ratio profiles, aerosol origin based on backwardtra-
jectories, dust and aerosol optical thicknesses, and finally microphysical and cloud-
relevant properties. In Chapter 7, the lidar-specific layer-mean intensive optical
properties at multiple wavelengths (particle linear depolarization ratio, lidar ratio,
and extinction-related Ångström exponent) are discussed separately, as they are re-
quired for comparison with present and future single-wavelength spaceborne lidars,
like CALIPSO/CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) (Omar
et al., 2009; Winker et al., 2009), EarthCARE/ATLID (Earth Clouds, Aerosol and
Radiation Explorer / Atmospheric Lidar) (Wandinger et al., 2016; Illingworth et al.,
2015), and Aeolus/ALADIN (Atmospheric Laser Doppler Lidar Instrument) (Ans-
mann et al., 2007; Flamant et al., 2008). Chapter 8 summarizes the results and
provides an outlook to future activities.
Chapter 2
Dust belt, Central Asia, and
CADEX campaign
In this chapter, the global dust belt and geographic location of Tajikistan and the
other countries ascribed to Central Asia are presented. A summary of the few avai-
lable studies with respect to dust profiling in that area is provided (Sect. 2.1). In
that context, a separate section is dedicated to the Soviet-American experiment of
1989 which was a first effort of coordinated dust research in Tajikistan (Sect. 2.2).
Then, the Central Asian Dust Experiment (CADEX) is introduced (Sect. 2.3). The
field site as well as the duration and instrumentation of the campaign are presented.
Finally, the follow up projects which emerged from CADEX are mentioned.
2.1 Central Asia and the dust belt
Figure 2.1 shows a political map of the Central Asian countries (Kazakhstan, Uzbek-
istan, Turkmenistan, and Tajkistan). All the countries are located in the global dust
belt (Fig. 2.2). The global dust belt, which reaches from the Sahara over the Ara-
bian deserts to the Taklamakan and Gobi deserts, contains arid and semi-arid regions
which act as sources for atmospheric mineral dust in the northern hemisphere (Dar-
menova et al., 2009; Ridley et al., 2016). Therefore, Central Asian countries are
frequently affected by dust (Indoitu et al., 2012) and directly suffer from it in terms
of ecological damage (Boloorani et al., 2019), economic loss (Miri et al., 2009), and
health risks (Wiggs et al., 2003; Sternberg and Edwards, 2017). The most infamous
example for these health risks is the desiccating Aral Sea which became a strong
dust source (Gill, 1996) and is also releasing formerly sedimented toxic pesticides
(O’Hara et al., 2000). Already in the 1930s, dust storm monitoring began in soviet
Central Asia (Issanova and Abuduwaili, 2017). The first coordinated effort to in-
vestigate atmospheric mineral dust in Tajikistan with modern methods like aircraft
and satellite measurements, though, was the Soviet-American experiment in 1989
(Golitsyn et al., 1993), which is described separately in Sect. 2.2.
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Figure 2.1: The five countries defining Central Asia (within the thick boundaries). High-
lighted is the lidar station (red star) at Dushanbe, Tajikistan (http://www.shadedrelief.
com/political/Political_Map_Pat.pdf, adapted).
Figure 2.2: Geographic map with desert regions (black text), dust belt (bright green dashed
line), CADEX measurement site in Dushanbe, Tajikistan (red text) highlighted (http://
naturalearth.springercarto.com, adapted).
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More recently, a lidar station was operated in Eastern Kyrgyzstan (Chen and Sverd-
lik, 2007; Chen et al., 2013). For this station in Kyrgyzstan, Chen et al. (2013)
report dust transported from the Aral Sea region, long-range transported dust from
the Middle East as well as dust from the Taklamakan desert. A lidar was operated
in Aksu (northwestern Taklamakan) (Kai et al., 2008), where local dust was mea-
sured from ground to a height of 6 km during strong dust outbreaks (Tsunematsu
et al., 2005) as well as lofted long-range transported dust layers at heights of 11 km
(Mikami et al., 2006). In Kashgar (eastern Taklamakan), strong near ground dust
events as well as polluted dust were measured with a multiwavelength polarization
Raman lidar (Hu et al., 2019). Lidar measurements along the Caspian and Aral Sea
and the Lake Balkhash in Kazakhstan were performed by Dieudonné et al. (2015).
Dieudonné et al. (2015) showed that dust layers originating in the Caspian and Aral
Sea region can regularly spread over wide areas of Russia and last for several days.
The spaceborne lidar CALIPSO is not yet widely used to study dust in Central
Asia. In the first global dust study using CALIPSO (Liu et al., 2008a), Central Asia
was disregarded while the Taklamakan and Gobi deserts were investigated in detail.
Chen et al. (2013) used a CALIPSO vertical feature mask to illustrate the presence
of clouds inside a dust layer above Kyrgyzstan. Liu et al. (2019) used CALIPSO and
MODIS (Moderate-resolution Imaging Spectroradiometer) data to categorize sources
of dust and smoke events over Central Asia. They found that more dust events had
their source outside than inside Central Asia. They state that dust transport from
the Arabian Peninsula is frequent but also smoke is transported from Siberia to Cen-
tral Asia, which most likely can be transported further east.
2.2 Soviet-American experiment 1989
Up to now, only few experiments were performed to characterize the aerosol over
Central Asia. Already in 1989 a Soviet-American research team conducted a joint
experiment on dust in Tajikistan (Golitsyn and Gillette, 1993; Golitsyn et al., 1993).
Coordinated ground-based, aircraft and satellite measurements took place during
two dust storms on 16 and 20 September 1989. The total area occupied by the at-
mospheric dust during the latter dust storm was approximately 105 km2 (Smirnov
et al., 1993). The mass of dust in the air was estimated as 3.1 t (Smirnov et al.,
1994).
Chemical analysis of the collected dust (Gomes and Gillette, 1993) showed a low iron
content for Central Asian dust. Also, a calcareous character and high contents of
soluble salts were observed (Andronova et al., 1993) which is in good agreement with
more recent measurements (Miller-Schulze et al., 2011; Schettler et al., 2014; Groll
et al., 2013). In general, however, a very high variability (Andronova et al., 1993)
lead to considerably different results depending on sampling location. Analysis of
quartz filter samples collected in Dushanbe showed, besides significant amounts of
dust, strong contribution of anthropogenic black carbon pollution from fuel combus-
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tion and smoke (Hansen et al., 1993). Optical and radiative properties have been
studied as well (Shukurov et al., 1993). Sokolik and Golitsyn (1993) performed ra-
diative transfer calculations for the dust storms in 1989 and state that the vertical
distribution of additional total radiative heating rates can only be calculated with
assumptions on vertically homogeneous optical properties and on the height of the
dust layer.
Sokolik et al. (1993) compared complex refractive indices from the dust collected in
Tajikistan with dust from other sources. They found a seemingly different spectral
behavior of the complex refractive index of Central Asian dust compared to Saharan
dust, but Sokolik et al. (1993) concluded that there are large uncertainties and the
discrepancies could be due to different measurement techniques.
The measured AOTs during those dust storms were up to 1.3 (Golitsyn and Gillette,
1993) and 3.3 at 550 nm (Pachenko et al., 1993), respectively. A few vertical profiles
of the scattering coefficient of the dust were measured with a nephelometer on board
an aircraft (Pachenko et al., 1993). These measurements showed that the majority
of the dust was concentrated in the lowermost 3–3.5 km below a thermal inversion.
Pachenko et al. (1993) mentioned dust plumes reaching through this inversion up to
6 km height. The measurements on 16 September 1989 also revealed a dust layer at
a height of about 4 km (Fig. 2.3).
Figure 2.3: Vertical profiles of scattering coefficient (σ) at 520 nm wavelength measured in
situ by aircraft above the vicinity of Dushanbe (1) a, b, and c, are for background conditions
(2) during dust storm of 16 September 1989 (thermal inversion aloft), and (3) a, b, and c, are
during the heavy dust storm of 21 September 1989. Figure taken from Pachenko et al. (1993).
Fraser (1993) used satellite data to obtain the horizontal distribution of the dust in
Central Asia. Fraser (1993) emphasized the need of vertical profiles of the dust mass,
which can be estimated from dust extinction coefficient, to determine the movement
of the dust. Gillette et al. (1993) modeled dust deposition and transport during this
1989 campaign and mentioned the sensitivity of their model to the dust layer height,
especially because of the complicated topography in Tajikistan.
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2.3 CADEX campaign
The fieldwork of CADEX included column-integrating sun photometer measure-
ments, vertically resolved lidar measurements, and meteorological observations in
Dushanbe, Tajikistan. The lidar observations were carried out in Dushanbe at the
Poligon measurement site of the Physical Technical Institute (PhTI) of the Academy
of Sciences of Tajikistan. The measurement site lies in an urban environment on a
hill in the eastern part of Dushanbe. The lidar was installed in front of a laboratory
and office building (Fig. 2.4a,b). Its coordinates are 38◦33′34′′ N, 68◦51′22′′ E, and
its altitude is 864 m a.s.l. The measurement campaign lasted from 17 March 2015
until 31 August 2016. During that period, on 487 days lidar data has been acquired
for a time period of at least 3 h. On 308 of these days, the lidar ran even longer than
20 h. In the course of the CADEX campaign and its follow up projects, scientist
from the Leibniz Institute for Tropospheric Research, Leipzig, traveled to Tajikistan
a total of 11 times for preparation, installation, and maintenance of the Polly station
(Tab. 2.1). Some impressions of the field campaign are shown in Fig. 2.4.
Furthermore, ground-based in situ aerosol measurements were conducted during
CADEX to investigate the relationship between the settling of mineral dust along the
margin of the Central Asian mountains and the dust transport at high tropospheric
levels recorded by lidar. Collection of aerosol (March 2015 to April 2016) was carried
out on quartz fiber filters (MK 360, MUNKTELL) using a high-volume filter sampler
(DHA-80, DIGITEL) with an inlet for PM10 (particulate matter with a maximum
diameter of 10 µm). Chemical analysis of the collected aerosol was performed with
the techniques described in Fomba et al. (2014, 2019). The particle number size dis-
tribution was measured with a laser particle counter (GRIMM EDM 180) (Schettler
et al., 2014). Dust dry deposition was collected (9 days in August 2016) by means of
a flat plate type passive particle collector (Ott and Peters, 2008). Collected particles
were subject to electron microscopy single particle analysis (Kandler et al., 2009,
2011), yielding information on particle size distribution, chemical and mineralogi-
cal composition as well as mixing state for coarse-mode particles with a diameter
between 0.7 µm and 60 µm (Kandler and Scheuvens, 2019). In addition, the field
experiment was accompanied by 3-D regional modeling with the regional dust model
COSMO-MUSCAT (Consortium for Small-Scale Modeling - Multi-Scale Chemistry
Aerosol Transport) (Wolke et al., 2012; Heinold et al., 2011) and the aerosol-climate
model ECHAM-HAM (European Centre for Medium-Range Weather Forecasts at-
mospheric model - Hamburg Aerosol Model) (Zhang et al., 2012; Heinold et al., 2016).
The modeling provides a perspective on the sources, transport, as well as the direct
radiative effects of measured mineral dust and associated atmospheric feedbacks.
As a follow-up project, a new containerized PollyXT was built recently and deployed
at Dushanbe (June 2019) for long term observations over the next 5–10 years (Engel-
mann et al., 2019). In addition, the first Central Asian Dust Conference (CADUC,
8–12 April 2019) was organized to emphasize the importance of Central Asian pollu-
tion and dust in the global climate system and need for more research in this region
(Althausen et al., 2019).
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Figure 2.4: (Top left) PollyXT system with open doors and covers (August 2016), (center
left) building on Poligon field site with PollyXT in front (March 2015), (bottom left) Dr. Georg
Schettler (GFZ Potsdam), Dr. Bernd Heinold (TROPOS), Dr. Sabur F. Abduallaev (PhTI), Prof.
Dr. Andreas Macke (TROPOS), Julian Hofer (TROPOS), Dr. Bakhron I. Nazarov (PhTI), and
Dr. Dietrich Althausen (TROPOS) (left to right) on the roof of PhTI during the preparation
meeting of CADEX (October 2014), in the background the AERONET sun photometer station,
(top right) lidar beam during night (August 2016), (bottom right) Dr. Sabur F. Abduallaev and
Julian Hofer (with sun protection) during installation (March 2015).
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Table 2.1: Visits in Tajikistan by TROPOS scientists.
Time Task Scientists
Oct 2014 CADEX preparation Althausen, Heinold, Hofer,
Macke
Mar 2015 Installation of PollyXT station Althausen, Hofer
Jun 2015 Maintenance Hofer
Sep 2015 Maintenance Althausen, Hofer
Nov/Dec 2015 Maintenance Hofer
Feb/Mar 2016 Maintenance Althausen, Hofer
May 2016 Maintenance Althausen, Hofer
Aug/Sep 2016 Removal of PollyXT station Althausen, Hofer
Sep 2017 CADUC preparation Althausen
Mar/Apr 2019 CADUC preparation/CADUC Althausen, Engelmann, Hofer,
and 6 further participants
from TROPOS
Jun 2019 Installation of new PollyXT Althausen, Engelmann,
station Hanbuch
Chapter 3
Lidar theory and observable
aerosol parameters
In this chapter, the lidar measurement principle and basic lidar equations are in-
troduced (Sect. 3.1). The resulting formulas for the calculation of the lidar derived
aerosol optical properties such as particle backscatter and extinction coefficient, lidar
ratio (Sect. 3.2), particle linear depolarization ratio (Sect. 3.3), Ångström exponent
(Sect. 3.4), and aerosol optical thickness (Sect. 3.5) are presented. Finally, the re-
trieval of microphysical properties and the estimates of the cloud condensation nuclei
(CCN) concentration and ice nucleating particle (INP) concentration from the mea-
sured aerosol optical data sets is explained (Sect. 3.6).
3.1 Lidar principle and basic equations
Lidar stands for Light Detection And Ranging. Usually, the lidar emits linearly po-
larized laser pulses into the atmosphere. These laser pulses are subject to scattering
and absorption by atmospheric particles and molecules. The backscattered signal
is measured by a receiver unit in high temporal resolution. The distance between
the backscattering object and the receiver can be calculated using the known speed
of light and the measured time difference between emission of the laser pulse and
receiving the backscattered light.
The following equation describes the received power P (R, λ) from a distance (range)
R at the laser emission wavelength λ (Weitkamp, 2005):
P (R, λ) = P0
Oλ(R)
R2
Cs(λ)βλ(R) exp
{
− 2
R∫
0
αλ(r)dr
}
, (3.1)
with
βλ(R) = βparλ (R) + β
mol
λ (R)
and
αλ(r) = αparλ (r) + α
mol
λ (r) .
11
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P0 is the power of the emitted laser pulse. The height-independent system con-
stant Cs(λ) contains the efficiency of the receiver optics and the detectors. Oλ(R)
describes the geometrical overlap characteristics of the lidar. βλ(R) is the volume
backscatter coefficient and consists of particle (βparλ (R)) and molecular backscat-
tering (βmolλ (R)). The exponential term describes the transmission of light from
emission to the backscattering volume and back to the receiver. The attenuation
of the light depends on the length of this light path and the volume extinction co-
efficient αλ(r) (Beer–Lambert–Bouguer law) consisting as well of particle (αparλ (R))
and molecular (αmolλ (R)) parts. Equation 3.1 is used to retrieve particle properties
using only the elastically backscattered signal (see Sect. 3.2).
In case of the Raman lidar, an additional equation can be expressed using the in-
elastically backscattered signal. The received power at a Raman-shifted wavelength
λra is described as follows (Ansmann et al., 1990):
P (R, λra) = P0
Oλ(R)
R2
Cs(λ)βλra(R) exp
{
−
R∫
0
αλ(r) + αλra(r)]dr
}
(3.2)
with
βλra(R) = Nra(R)
dσ(π, λra)
dΩ .
αλra is the volume extinction coefficient for the Raman-shifted wavelength, again
consisting of a particle (αparλra (R)) and a molecular part (α
mol
λra
(R)). dσ(π,λra)dΩ is the
range-independent differential Raman backscatter cross section and Nra(R) is the
molecule number density of the Raman-active gas. With this equation particle ex-
tinction and backscatter coefficients can be calculated independently (see Sect. 3.2).
In case of polarization lidar, Eq. 3.1 can be expressed with the polarization state of
perpendicular (left superscript ⊥) and parallel (left superscript ‖) light received by
channels containing a polarizer adjusted to the respective directions in regard to the
polarization direction of the emitted light as
‖P (R, λ) = ‖P0
‖Oλ(R)
R2
‖Cs(λ)‖βλ(R) exp
{
− 2
R∫
0
‖αλ(r)dr
}
(3.3)
and
⊥P (R, λ) = ‖P0
⊥Oλ(R)
R2
⊥Cs(λ)⊥βλ(R) exp
{
−
R∫
0
[‖αλ(r) + ⊥αλ(r)]dr
}
. (3.4)
With these equations, depolarization ratios can be calculated (Sect. 3.3).
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3.2 Particle extinction and backscatter coefficient, and
lidar ratio
Particle extinction and backscatter coefficient by Raman method
The particle extinction coefficient can be directly calculated from equation 3.2 (Ans-
mann et al., 1990) as
αparλ (R) =
d
dR ln
[Nra(R)Oλ(R)
R2P (R,λra)
]
− αmolλ (R)− αmolλra (R)
1 + ( λλra )
k(R) . (3.5)
Using a pair of independent measurements and combining the equations 3.1 and 3.2
for elastic and inelastic backscattering, the particle backscatter coefficient (Ansmann
et al., 1992a,b)
βparλ (R) =− β
mol
λ (R) + [β
par
λ (R0) + β
mol
λ (R0)] ·
P (R0, λra)P (R, λ)
P (R0, λ)P (R, λra)
· Nra(R)
Nra(R0)
·
exp
{
−
R∫
R0
[αparλra(r) + α
mol
λra
(r)]dr
}
exp
{
−
R∫
R0
[αparλ (r) + αmolλ (r)]dr
} (3.6)
can be calculated. For this, a few a priori estimates are needed. The parameter k(R)
is required for the particle extinction coefficient calculation. This is the Ångström
exponent (Ångström (1929), Sect. 3.4) and it describes the wavelength dependence
of the extinction coefficient between the emission wavelength λ and the Raman-
shifted wavelength λra. Further for the particle backscatter coefficient, a reference
height R0 has to be chosen. At this height almost particle free conditions can be
assumed and a generic very small particle backscatter coefficient βparλ (R0) has to be
set. Nra(R) and the molecular parts of the backscatter and extinction coefficients
can be calculated (Bucholtz, 1995) from temperature and pressure profiles from
radiosonde, standard atmosphere (U.S. Government Printing Office, 1976), or GDAS
(Global Data Assimilation System) (GDAS, 2019). The use of signal ratios in the
backscatter coefficient retrieval is a big advantage of the Raman method because the
overlap effects are canceling each other out.
With the particle backscatter coefficient and the molecular backscatter coefficient
also the backscatter ratio can be defined as
Rβλ(R) =
βparλ (R) + βmolλ (R)
βmolλ (R)
. (3.7)
Particle backscatter coefficient by Klett method
During daytime, the background noise due to daylight in the Raman channels is
usually too high to apply the Raman method. In that case, the lidar equation
CHAPTER 3. LIDAR THEORY 14
can still be solved applying the Fernald-Klett method (Klett, 1981; Fernald, 1984;
Klett, 1985; Sasano et al., 1985). However, the particle backscatter and extinction
coefficients cannot be determined independently anymore, since the ratio between
particle extinction and backscatter coefficient
Sparλ (R) =
αparλ (R)
βparλ (R)
(3.8)
becomes a required input parameter. This parameter is called (particle) lidar ra-
tio. The lidar ratio has to be either estimated, taken from previous or subsequent
nighttime measurements analyzed with the Raman method, or constraint with sun
photometer measurements. Furthermore, again an estimate of the particle backscat-
ter coefficient βparλ (R0) at a reference height R0 is needed as well as the molecular
backscatter coefficient βmolλ (R) (compare Raman method above) and the molecular
extinction-to-backscatter (lidar) ratio
Smol = α
mol
λ
βmolλ
= 8π3
(
1 + dmol2
)
sr (3.9)
with dmol being the wavelength-dependent molecular depolarization factor of air
(Miles et al., 2001).
The particle backscatter coefficient can then be expressed as
βparλ (R) = −β
mol
λ (R) +
A(R0, R, λ)
B(R0, λ)− 2Sparλ
R∫
R0
A(R0, r, λ)dr
(3.10)
with
A(R0, R, λ) = R2P (R, λ) · exp
[
− 2(Sparλ − S
mol)
R∫
R0
βmolλ (r)dr
]
and
B(R0, λ) =
R20P (R0, λ)
βparλ (R0) + βmolλ (R0)
.
The particle extinction can be obtained by just multiplying the used lidar ratio with
the particle backscatter coefficient. This method has larger errors than the Raman
method because of the assumptions. The backscatter profiles retrieved by the Klett
method are also subject to overlap effects, because they do not cancel out as in the
Raman method.
3.3 Particle linear depolarization ratio
The volume and particle linear depolarization ratios can be calculated using the
polarization lidar method with Eqs. 3.3 and 3.4. The volume linear depolarization
ratio is defined as
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δvolλ =
⊥βλ(R)
‖βλ(R)
=
⊥
βparλ (R) +
⊥
βmolλ (R)
‖
βparλ (R) +
‖
βmolλ (R)
,
the particle linear depolarization ratio as
δparλ =
⊥
βparλ (R)
‖
βparλ (R)
,
and the molecular linear depolarization ratio as
δmolλ =
⊥
βmolλ (R)
‖
βmolλ (R)
.
Having co- and cross-polarized depolarization channels, the volume depolarization
ratio can be directly calculated using the parallel (Eq. 3.3) and perpendicular signals
(Eq. 3.4), together with a calibration constant from a reference height where only
molecular scattering is assumed (e.g., Mattis, 2002). The PollyXT however has only
total and cross-polarized depolarization channels. In this case, having the total
(Eq. 3.1) and the perpendicular signals (Eq. 3.4), the volume depolarization can be
expressed as well (Mattis, 2002; Engelmann et al., 2016) as
δvolλ (R) =
1− δ′λ(R)/V ∗λ
δ′λ(R) ·Dtotλ /V ∗λ −Dcλ
(3.11)
with
δ′λ(R) =
⊥P (R, λ)
P (R, λ) .
The transmission ratios of the total (Dtotλ ) and cross-polarized channel (Dcλ) have
to be determined with a calibration measurement (see Sect. 4.2). The calibration
constant V ∗λ is calculated with the ∆90◦-method (Freudenthaler et al., 2009; Freuden-
thaler, 2016) and is defined as
V ∗λ =
1 +Dtotλ
1 +Dcλ
√
+45δ′λ(R) ·
−45δ′λ(R) . (3.12)
To apply the ∆90◦-method, calibration measurements under +45◦ (+45δ′λ(R)) and
-45◦ angles (−45δ′λ(R)) with respect to the laser polarization plane need to be per-
formed (see Sect. 4.2).
Moreover, polarization-dependent receiver efficiencies can introduce systematic er-
rors of lidar signals (Mattis et al., 2009). Therefore, the measured signals (P (λ,R))
have to be corrected (Pcorr(λ,R)), using the calibrated volume depolarization ratio
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and the corresponding transmission ratio Dλ (see Sect. 4.2) (Mattis et al., 2009;
Engelmann et al., 2016) with
Pcorr(λ,R) = P (λ,R)
1 + δvolλ (R)Dλ
1 + δvolλ (R)
. (3.13)
The particle linear depolarization ratio can then be calculated in terms of the volume
depolarization ratio and the particle and molecular backscatter coefficients (e.g.,
Tesche et al., 2009a) as
δparλ (R) = [δ
vol
λ (R) + 1]
(
βmolλ (R)[δmolλ (R)− δvolλ (R)]
βparλ (R)[1 + δmolλ (R)]
+ 1
)−1
− 1 . (3.14)
3.4 Ångström exponent
The wavelength dependence of optical parameters, in particular of the extinction
coefficient, is called Ånström exponent (parameter) (Ångström, 1929, 1964). The
extinction-related Ångström exponent can be calculated with two particle extinction
coefficients measured at 355 nm and 532 nm wavelength as
åα355/532(R) = −
log[αpar532(R)/α
par
355(R)]
log(532/355) . (3.15)
The backscatter-related Ångström exponents can be calculated with pairs of particle
backscatter coefficients at the emission wavelengths of 355 nm, 532 nm, and 1064 nm
as
åβ355/532(R) = −
log[βpar532(R)/β
par
355(R)]
log(532/355) , (3.16)
åβ355/1064(R) = −
log[βpar1064(R)/β
par
355(R)]
log(1064/355) , (3.17)
and
åβ532/1064(R) = −
log[βpar1064(R)/β
par
532(R)]
log(1064/532) . (3.18)
3.5 Aerosol optical thickness
The aerosol optical thickness (AOT) τ at the wavelength λ can be calculated by
integrating the lidar derived particle extinction coefficient profile from ground to the
maximum height Rmax
τλ =
Rmax∫
0
αparλ (r)dr . (3.19)
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Rmax should comprise all aerosol particles in the vertical atmospheric column. It is
not possible in every case to integrate up to large heights due to cloudy conditions
and due to signal noise, especially when the Raman method is applied to calculate
the particle extinction coefficient. Incomplete overlap at the lower end of the profile
makes it impossible to retrieve the particle extinction coefficient down to the ground.
Therefore, the particle extinction coefficient is assumed to be constant from a certain
height down to the ground or it is extended by means of the backscatter coefficient
multiplied by the lidar ratio (see Sect. 6.3.2).
Contrary to the lidar, sun photometers do column integrated measurements of the
AOT (see Sect. 4.3), by separating the attenuation of the known extraterrestrial
solar radiance by aerosol particles from the attenuation by air molecules, ozone,
water vapor, and other gases (Holben et al., 1998).
3.6 Microphysical/CCN/INP properties via POLIPHON
method
The particle backscatter coefficient βpar and the linear depolarization ratio profiles
δpar at 532 nm wavelength were used to apply the Polarization Lidar Photometer
Networking Method (POLIPHON, Ansmann et al. (2011, 2012); Mamouri and Ans-
mann (2016)). This method allows in a first step to separate the dust (βd) and
non-dust particle backscatter coefficient (βnd) based on typical particle linear depo-
larization ratio values (Müller et al., 2007; Tesche et al., 2009a) for dust (δd) and
non-dust (δnd) as
βd = βpar
(δpar − δnd)(1 + δd)
(δd − δnd)(1 + δpar)
(3.20)
and
βnd = βpar − βd . (3.21)
The separation is applicable for particle depolarization ratios δnd ≤ δpar ≤ δd.
βnd = βpar is set for δpar ≤ δnd and βd = βpar for δpar ≥ δd, respectively.
Then, the separated backscatter profiles are converted into dust (αd) and non-dust
particle extinction coefficient (αnd) profiles using typical lidar ratio values for dust
(Spard ) and non-dust (S
par
nd ) as
αd = βd · Spard (3.22)
and
αnd = βnd · Sparnd . (3.23)
The dust optical thickness (DOT) can be calculated by integrating the dust extinc-
tion coefficient profile.
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In the next step, the extinction profiles are converted to number, volume, surface
area, and mass concentration profiles using conversion factors and generic densities
of dust (ρd) and non-dust (ρnd) as
Md = ρd · Cv,d · αd , (3.24)
Mnd = ρnd · Cv,nd · αnd , (3.25)
n250,d = Cn250,d · αd , (3.26)
n250,nd = Cn250,nd · αnd , (3.27)
n100,d = Cn100,d · αdbd , (3.28)
n50,nd = C60,nd · αbndnd , (3.29)
sd = Cs,d · αd , (3.30)
and
snd = Cs,nd · αnd . (3.31)
The required conversion factors are derived from extended AERONET observations
of AOT and particle number concentration in Dushanbe by applying thresholds on
the Ångström exponent (̊a) from the 440–880 nm spectral range and AOT at 500 nm
to separate dust (̊a < 0.3, AOT > 0.1) from non-dust episodes (̊a > 1.4) (Mamouri
and Ansmann, 2016; Ansmann et al., 2019a,b). The conversion factors are listed in
Tab. 3.1.
To finally estimate INP concentrations, parameterizations are applied on the profiles
of number concentration of dust particles with a radius larger than 250 nm (n250,d)
(DeMott et al., 2015) and dust surface area density (sd) (Ullrich et al., 2017). The
dust immersion freezing INP concentration is parametrized (valid for temperatures
238 K < T < 252 K) (DeMott et al., 2015) as
nINP,imm = fd · na2·(273.16−T )+b2250,d exp
[
c2 · (273.16− T ) + d2
]
, (3.32)
and the dust deposition nucleation INP concentration (valid for temperatures 220 K <
T < 253 K) (Ullrich et al., 2017) as
nINP,dep = sd · exp
[
285.692 · (ssice − 1)0.25 · cos
(
0.017(T − 256.692)
)2
·
(
π/2− arctan
(
0.08(T − 200.745)
))
/π
]
.
(3.33)
Dust CCN concentrations are estimated from profiles of number concentration of dust
particles with a radius larger than 100 nm (n100,d) and non-dust CCN concentrations
from non-dust particles with a radius larger than 50 nm (n50,nd) (Ansmann et al.,
2019b; Lv et al., 2018) at a typical supersaturation of 0.2% (Siebert and Shaw, 2017)
as
nCCN,d = fe,d · n100,d (3.34)
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and
nCCN,nd = fe,nd · n50,nd . (3.35)
In the estimation of the aerosol-pollution-related CCN concentration, the dry activa-
tion radius is assumed to be 50 nm. The respective conversion parameter Cn60,nd with
index 60 considers that particles at ambient aerosol conditions are usually slightly
larger than dry particles. The conversion factor Cn60,nd assumes that hygroscopic
haze particles with radius > 60 nm (at ambient conditions) are representing dry haze
particles with dry radius of > 50 nm.
The POLIPHON method is well validated by in situ observations (Bravo-Aranda
et al., 2015; Düsing et al., 2018; Schrod et al., 2017; Marinou et al., 2019; Haarig
et al., 2019). The POLIPHON products and their uncertainties are listed in Tab. 3.2
and the POLIPHON input parameters are listed in Tab. 3.3.
This method was applied on all evaluated profiles. An example is demonstrated in
Sect. 6.4.1.
Table 3.1: Applied values of the conversion parameters required in the POLIPHON retrieval
(Mamouri and Ansmann, 2016, 2017; Ansmann et al., 2019b). The conversion factors are ex-
plained in the text and are needed to convert particle extinction coefficients into particle mass
concentrations and cloud-relevant parameters (CCN and INP concentrations). Index d and nd
denote dust and non-dust (continental fine-mode pollution aerosol), respectively.
Parameter Value Uncertainty Unit
Cv,d 0.79·10−12 0.1·10−12 Mm
Cv,nd 0.24 0.08 Mm
Cs,d 3.11·10−12 0.6·10−12 Mm m2 cm−3
Cs,nd 4.94·10−12 2.56·10−12 Mm m2 cm−3
Cn250,d 0.135 0.0278 Mm cm−3
Cn250,nd 0.19 0.06 Mm cm−3
Cn100,d 12.4 3 Mm cm−3
bd 0.71 0.05 -
Cn60,nd 25.7 1.7 Mm cm−3
bnd 0.94 0.03 -
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Table 3.2: List of POLIPHON products. Index d and nd denote dust and non-dust (continental
fine-mode pollution aerosol), respectively, and r denotes the particle radius.
Product symbol Product name Uncertainty
βd , βnd dust and non-dust backscatter coefficient 20%
αd , αnd dust and non-dust extinction coefficient 20%
Md , Mnd dust and non-dust mass concentration 25–35%
n250,d , n250,nd dust and non-dust number conc. (r > 250 nm) 30%
n100,d dust number concentration (r > 100 nm) factor of 2
n50,nd non-dust number concentration (r > 50 nm) factor of 2
sd , snd dust and non-dust surface area concentration 30–50%
nCCN,d , nCCN,nd dust and non-dust CCN concentration factor of 2
nINP,imm dust immersion-freezing INP concentration factor of 3
nINP,dep dust deposition-nucleation INP concentration factor of 3
Table 3.3: List of POLIPHON input parameters. Index d and nd denote dust and non-dust
(continental fine-mode pollution aerosol), respectively.
Parameter symbol Parameter name Value
Spard dust lidar ratio 40 sr
Sparnd non-dust lidar ratio 50 sr
δd dust depolarization ratio 0.31
δnd non-dust depolarization ratio 0.05
ρd dust density 2.6 g cm−3
ρnd non-dust density 1.5 g cm−3
ssice typical ice supersaturation 1.15%
fd factor in Eq. 3.32 3
a2 factor in Eq. 3.32 0
b2 factor in Eq. 3.32 1.25
c2 factor in Eq. 3.32 0.46
d2 factor in Eq. 3.32 -11.6
fe,d factor in Eq. 3.34 1
fe,nd factor in Eq. 3.35 1
T temperature fixed or profile in K
Chapter 4
Instruments and data
In this chapter, some technical details of the multiwavelength polarization Raman
lidar PollyXT are discussed briefly (Sect. 4.1). Then the calibration and quality
assurance efforts are described (Sect. 4.2). This comprises the calibration of the
depolarization measurements and the characterization of the overlap of the lidar
system. Additionally, the auxiliary data from sun photometer and trajectory and
assimilation models are explained (Sect. 4.3).
4.1 Multiwavelength polarization Raman lidar PollyXT
The lidar operated in Dushanbe was a multiwavelength polarization Raman lidar
PollyXT (POrtabLe Lidar sYstem PollyXT, XT stands for extended version, Al-
thausen et al. (2009)) and belongs to PollyNET, a network of permanent or tempo-
rary Polly stations (Baars et al., 2016). This specific PollyXT was already deployed
in numerous field campaigns in the past (e.g. Baars et al., 2012, 2016). For the
CADEX campaign, this PollyXT was upgraded with a second depolarization chan-
nel at 355 nm wavelength (Engelmann et al., 2016). All PollyXT systems contain
a laser system that emits light at 355 nm, at 532 nm, and at 1064 nm wavelength
by means of frequency doubling and tripling. The receiver of the used system has
eight channels. These channels measure the backscattered light at all three emitted
wavelengths. The channels at 387 nm, 607 nm, and 407 nm wavelength allow to
detect Raman scattering at nighttime. Another two channels record cross-polarized
light at 355 nm and 532 nm wavelength. Three times a day, the system performs
an automatic ∆90◦-depolarization-calibration (Freudenthaler et al., 2009; Freuden-
thaler, 2016) (see Sect. 4.2). Figure 4.1 shows a sketch of the optical layout of the
used system. Signals are sampled with a vertical resolution of 7.5 m and are stored
with a temporal resolution of 30 s.
21
CHAPTER 4. INSTRUMENTS AND DATA 22
1064
532c
CAM
N
d:
YA
G
 la
se
r
Be
am
 e
xp
an
de
r
SHG
THG
PM
LensesNeutral density lters Beam splitters
Mirrors Polarizers
532
355
355c
407
607
387
Figure 4.1: Schematic sketch of the optical layout of the PollyXT. Left (emitter part): After the
second harmonic generation (SHG) and the third harmonic generation (THG), parts of the laser
beam are deflected to a power meter (PM) which measures the UV component to monitor the
conversion efficiency. Right (receiver part): Backscattered light is collected with a Newtonian
telescope and then passed towards the receiver unit. The numbers indicate the wavelength in
nm of the detection channels and c denotes the cross-polarized channels. A camera (CAM) is
synchronized to the laser trigger to monitor the overlap. The polarizer mounted in front of the
pinhole is a device for the absolute calibration of the depolarization measurements (for details
see Engelmann et al. (2016) and Sect. 4.2).
4.2 Calibration and quality assurance
Depolarization calibration
The capability to measure volume and particle depolarization ratio profiles is a key
feature of the PollyXT system. To measure accurate depolarization values, a couple
of calibration steps have to be carried out.
Dichroic beam splitters have different transmissions for parallel and cross-polarized
light resulting in different transmission efficiencies for both polarization states (En-
gelmann et al., 2016). Therefore, depolarization calibration measurements have been
performed to calculate the transmission ratios for all channels (see Sect. 3.3, Eqs. 3.11
and 3.12). An unpolarized light source with a rotating polarizer in front was mounted
inside the receiver unit of the PollyXT (Engelmann et al., 2016). While the polarizer
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rotated, the data acquisition was artificially triggered and recorded the photon counts
of the photomultiplier tubes of all channels. The result of such a measurement is
shown in Fig. 4.2. The minima and maxima of the counts appear at arbitrary angles,
because the calibration setup was not aligned with the laser polarization plane. Af-
ter a dark count correction, the minima and maxima of the counts were determined
using a polynomial fit and the ratio of both was determined. Since the peaks vary
slightly in amplitude, multiple ratios were averaged. In an optimal system, the cross-
polarized channels (355c and 532c) should show a strong difference between maximal
and minimal counts (large transmission ratio), while the total channels should show
no dependence on polarization (transmission ratio of 1). The polarization test was
performed before and after the field campaign. The results are similar in both cases.
The transmission ratio of 335c is lower in 2016 and vice versa for 532c (Tab. 4.1)
probably due to aging of the used Deuterium lamp. For the analyses, the values
from February 2015 were used. The result shows sufficiently high transmission ra-
tios for the cross-polarized channels (Sassen and Benson, 2001; Baars, 2011), but the
total channels at 355 nm and 532 nm wavelength have transmission ratios different
to 1. This can lead to errors in the retrieved backscatter signals in the presence of
depolarizing aerosol (Mattis et al., 2009; Baars, 2011), which, however, is corrected
by a correction factor (Mattis et al., 2009; Baars, 2011; Engelmann et al., 2016) (see
Sect. 3.3, Eq. 3.13).
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Figure 4.2: Example of transmission ratio measurement for the total channels at 407 nm,
532 nm, and 607 nm, and the cross-polarized channel at 532 nm wavelength (index c). The
counts are plotted as a function of polarization plane angle (rotating polarizer). Each point is
a 1 min sum of photon counts over all range bins using simulated shots to trigger the data
acquisition.
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Table 4.1: Measured transmission ratios Dλ for each detection channel. Index c denotes the
cross polarized channels (perpendicular polarization with respect to the laser polarization). The
values from February 2015 were used for the analyses.
Channel [nm] Dλ (Feb 2015) Dλ (Oct 2016)
355 0.8986 0.8337
355c 1087 310.9
387 1.006 1.007
407 1.004 1.043
532 1.435 1.428
532c 778.8 1251
607 1.017 1.028
1064 1.026 1.099
Table 4.2: Used mean values of V ∗λ calibration constant for both depolarization channels at
355 nm and 532 nm wavelength. These values are averaged over the corresponding time period
(see Fig. 4.3).
Period V ∗355 V ∗532
17–18 March 2015 2.08·10−2 3.17·10−2
19–22 March 2015 2.06·10−2 8.52·10−3
23 March–26 June 2015 2.43·10−2 1.73·10−2
27 June–13 September 2015 4.39·10−2 1.81·10−2
14 September 2015–31 August 2016 1.80·10−2 1.05·10−2
Three times per day, automatic depolarization calibration measurements for the
∆90◦-calibration-method(Freudenthaler et al., 2009; Freudenthaler, 2016) were con-
ducted by the PollyXT system. These calibration measurements are needed to cali-
brate the volume depolarization ratio (see Sect. 3.3, Eqs. 3.11 and 3.12). A rotating
wheel with different polarizers (Fig. 4.1) is mounted inside the receiver unit (En-
gelmann et al., 2016). During a calibration measurement, the wheel moves two
polarizers of +45◦ and −45◦ in the light path, each for 5 min. The received signals
during these measurement periods were used to calculate the calibration constant
V ∗λ on a frequent basis (Fig. 4.3). The jumps of V ∗λ are due to changes of neutral
density filters. Apart from this and showing more variability/noise at 355 nm than
at 532 nm wavelength, the V ∗λ values are rather stable over time. Therefore, the
calibration constants V ∗λ applied to calibrate the volume depolarization ratio were
averaged over the corresponding time periods and are listed in Tab. 4.2. The mole-
cular depolarization ratio of air depends on the band widths of the used interference
filters (Behrendt and Nakamura, 2002) and it is necessary to calculate the particle
depolarization ratios (Eq. 3.14). The molecular depolarization ratio values applied
in the retrieval of the particle depolarization ratios were obtained case-by-case, by
averaging the calibrated volume depolarization ratios over a height range around the
reference height, thus in an aerosol free height range.
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Figure 4.3: Depolarization calibration constant V ∗λ during CADEX for 355 nm (blue) and
532 nm wavelength (green). The values were calculated on a regular basis using the daily
automated ∆90◦-calibration measurements and the transmission ratios Dλ measured in February
2015 (Tab. 4.1).
Overlap characteristics
The overlap function O(R) (see Eq. 3.1) describes the fraction of the backscattered
light that is detected. Illustratively, it is the fraction of the emitted laser beam
inside the receiver field-of-view as a function of height. It ranges from 0 at height
0 to optimally 1 (full overlap) at a certain height. Below this full overlap height
the signal and hence the retrieved optical properties are affected by an incomplete
overlap. Therefore, it is crucial to know the overlap of a lidar system and it has to
be characterized. The overlap has to be adjusted after each maintenance. During
normal operation, the overlap is monitored with a camera (Fig. 4.1b) because tem-
perature changes have effects on the optical elements of the lidar.
Besides a precise alignment of all optical elements during construction of the li-
dar, telecover tests (Freudenthaler, 2008; Freudenthaler et al., 2018) were performed
before and during the field campaign to rule out severe misalignments. During a
telecover test, three quarters of the telescope are covered by a plate and only one
quarter is receiving the backscattered signal. By turning the plate, all quadrants
of the telescope are characterized one after another. Full overlap is reached at the
height at which all quadrants receive the same signal. This test can be applied for
all 8 channels.
The overlap at 355 nm and 532 nm wavelength can also be calculated using the
corresponding Raman signals (Wandinger and Ansmann, 2002). The overlap was
calculated for almost all evaluated profiles (Fig. 4.4). The full overlaps were reached
between about 400 m and 900 m. On average, full overlap was reached at a slightly
lower height for the 532 nm (700 m, Fig. 4.4a) than for the 355 nm channel (750 m,
Fig. 4.4b). For this study, typically a smoothing length of 743 m is applied on the
lidar signals. This means the retrieved optical properties are affected by an incom-
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plete overlap up to a height of approximately 1.1–1.6 km. This has to be taken
into consideration case-by-case when averaging optical properties over certain height
ranges (Sect. 7).
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Figure 4.4: Overlap function of 274 profiles during CADEX at 355 nm (a) and at 532 nm
wavelength (b) calculated with the method of Wandinger and Ansmann (2002).
4.3 Auxiliary data
Co-located with the lidar, a sun photometer as part of the AErosol RObotic NET-
work (AERONET) (Holben et al., 1998) was operated. The Dushanbe AERONET
station is operational since 2010 (Abdullaev et al., 2012). The CIMEL sun pho-
tometer measures at eight wavelengths (340 nm, 380 nm, 440 nm, 490 nm, 500 nm,
675 nm, 870 nm, and 1020 nm) and retrieves the AOT and further column integrated
particle optical and microphysical properties.
To calculate the Rayleigh contribution to the lidar signals in order to obtain par-
ticle optical properties, profiles of temperature and pressure are needed (Sect. 3.2).
Profiles of the GDAS (Global Data Assimilation System) with 1◦ spatial resolution
from the US National Weather Service’s National Centers for Environmental Pre-
diction (NCEP) at the coordinates 39◦ N, 69◦ E were used (GDAS, 2019), because
no radiosonde launches were performed in Tajikistan since several years.
Publicly available trajectory models were used to assess the possible source regions
and transport routes of the aerosol particles. The HYSPLIT model (Hybrid Single
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Particle Lagrangian Integrated Trajectory Model) (Stein et al., 2015; Rolph et al.,
2017) as well as the FLEXPART model (FLEXible PARTicle dispersion model)
version 9 (Stohl et al., 2005) were run to calculate backward trajectories for the pre-
sented example cases and the clustering analyses. The 0.5◦ GDAS meteorology for
HYSPLIT and the 1◦ GFS (Global Forecast System) meteorology for FLEXPART is
used. The HYSPLIT and FLEXPART backward trajectories were calculated with a
starting time approximately corresponding to the time of observation of the aerosol
layer by lidar. The arrival heights above the measurement site were set to the base,
center, and top of the observed layer. The FLEXPART backward trajectories were
calculated for the arrival height above the measurement site in the height range of the
aerosol layer measured with the lidar. The model output is the common logarithm
of the accumulated residence time of air masses below 3 km during the model run
time (Schwarz, 2015). This 3 km height is chosen because air is likely to be loaded
with dust in the source regions, where planetary boundary layers of this magnitude
occur. The spatial resolution of the model output is 1◦.
Chapter 5
Observations part 1: case
studies
In this chapter, the used lidar data set is explained (Sect. 5.1). Then case studies
of different but typical aerosol conditions are discussed in detail. After illustrating
the variety of dust layers over Tajikistan and their origin (Sect. 5.2), a lofted dust
layer (Sect. 5.3.1), extreme dust events (Sects. 5.3.2 and 5.3.3), and a contrasting
pollution case (Sect. 5.3.4) are presented as case studies.
5.1 Used lidar data set
During the 18-month CADEX campaign, the PollyXT system acquired data at 487
days for at least a 3 h time period. To achieve a representative coverage of the
aerosol conditions, profiles were calculated for each night at which it was possible
(data available and no low clouds) to apply the Raman retrieval method. The lidar
data were analyzed manually using the Raman retrieval method (Ansmann et al.,
1990, 1992a,b) for nighttime measurements. This means the averaging time and re-
ference height range were chosen by visual inspection for each individual profile, to
ensure steady aerosol conditions and sufficient signal-to-noise ratio. The averaging
time ranges from 16 min to 5 h 59 min, with an average of 2 h 10 min. This leads
to 328 available nighttime cases where vertical profiles of at least the backscatter-
related optical properties such as the particle backscatter coefficient, the particle
linear depolarization ratio, and the backscatter-related Ångström exponent are suf-
ficiently retrieved. This data set is further used in this study. Furthermore, out of
those 328 profiles, 276 profiles contain sufficient extinction-related optical properties
such as particle extinction coefficient, lidar ratio, and extinction-related Ångström
exponent. These data are used to calculate the AOTs (see Sects. 3.5 and 6.1) and
for in depth statistical analysis of the measured optical properties (Sect. 7).
The AOT at 532 nm wavelength was calculated for all 276 profiles with available
extinction coefficient by integrating the extended extinction profiles as described in
Sect. 3.5 and shown Fig. 6.3.2.
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To check the lidar derived AOT, it was compared with the AERONET AOT mea-
sured by the sun photometer. For this purpose, additional 192 short nighttime
analyses close to the last AERONET measurement throughout the measurement pe-
riod were carried out. The averaging time ranged from 15 min to 1 h 40 min with
an average of 56 min. The temporal distance of the middle time of the analyses to
the last AERONET measurement ranged from 1 h 58 min to 4 h 42 min with an
average of 2 h 46 min. The lidar AOT at 532 nm was calculated by the method
explained above and plotted against the corresponding AERONET measurement at
500 nm wavelength (Fig. 6.7). The result is discussed in Sect. 6.3.2.
5.2 Examples of variety of dust layers and their origin
To illustrate the frequently observed variety and complexity of dust layers above
Tajikistan, examples of dust layers of various origin occurring at all heights from
the surface to cirrus level are presented in Fig. 5.1. Figure 5.1a shows the temporal
development of the range-corrected signal of the 1064 nm wavelength channel from
20–24 April 2015. During these four days, multiple dust layers arrived above Taji-
kistan. On 20 April 2015, there were aerosol layers up to 4 km height. At the same
time, descending dust layers crossed the lidar station at heights of about 10 km. On
22 April 2015, a second dust layer arrived at 10 km height, which again descended.
According to FLEXPART trajectories, the Arabian Peninsula, Iran, and also parts of
Uzbekistan and Turkmenistan were source regions for the detected dust (Fig. 5.1d).
A high altitude aerosol layer was measured on 13 May 2015, reaching roughly from
6.5 km to 10 km altitude (Fig. 5.1b). FLEXPART backtrajectory analysis shows
that this high layer was long-range transported towards the measurement site from
the Mediterranean/North African region (Fig. 5.1e). The third scenario is a near-
ground dust layer (Fig. 5.1c, described in detail in Sect. 5.3.2), which was measured
on 8 and 9 August 2015 and had Central Asian sources (Fig. 5.1f). This case is
discussed in detail in Sect. 5.3.2
5.3 Case studies
In the following sections, we discuss in detail four strongly contrasting cases:
(1) A lofted layer of Middle Eastern dust that occurred on 13 April 2015 (Case 1,
Fig. 5.2, Sect. 5.3.1),
(2) an extreme dust event with Central Asian dust, which was recorded on 8 and 9
August 2015 (Case 2, Figs. 5.1 and 5.3, Sect. 5.3.2),
(3) the most extreme dust event during the CADEX campaign with dust from Cen-
tral Asian sources, which was observed on 14 July 2016 (Case 3, Fig. 5.4, Sect. 5.3.3),
(4) a contrasting case with a pollution layer of local origin, which was measured on
13 May 2015 (Case 4, Figs. 5.1 and 5.5, Sect. 5.3.4)
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Figure 5.1: Left panels: Illustrative measurement examples of aerosol layers observed with
PollyXT at Dushanbe, partly up to cirrus level (10 km height). Temporal development of the
range-corrected signal (temporal resolution 30 s, vertical resolution 7.5 m) of the 1064 nm
wavelength channel on a) 20 April 2015, 06:00 UTC – 24 April 2015, 14:46 UTC. (b) 13 May
2015, 12:00 UTC – 14 May 2015, 23:58 UTC. (c) 8 August 2015, 00:02 UTC – 9 August 2015,
23:58 UTC. Blue rectangles denote periods where no measurements were performed. Right
panels: Source regions of the observed aerosol identified based on FLEXPART model runs. The
first lofted layer (a) has Middle Eastern sources (d), the second lofted layer (b) has North African
sources (e) and the third low laying dust (c) has Central Asian sources (f). The dark red squares
in the left panels indicate the arrival height and time of the calculated backward trajectories in
context of the lidar measurements. The right panels show maps of the logarithm of accumulated
residence time below 3 km (in s) of 144 h FLEXPART backward trajectories arriving above
Dushanbe on (d) 23 April 2015, 20:30–21:30 UTC between 2.7 km and 5 km, (e) 13 May 2015,
17:30–18:30 UTC between 6.6 km and 9.9 km height, (f) 8 August 2015, 21:30–22:30 UTC
between 0.5 km and 3.1 km height.
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5.3.1 Case 1: 13 April 2015, lofted dust layer
Figure 5.2a shows the temporal development of the range-corrected signal of the
1064 nm wavelength channel on 12–13 April 2015. The dust layer arrived over
Dushanbe on 12 April 2015 at an altitude between 5 km and 6 km. The slowly
descending dust layer (red) contained dense clouds (grey). On 13 April 2015, the
dust layer extended at about 2.5–5 km height. Its base was very sharp, while on top
of the layer, a thinner aerosol layer was measured up to 7 km. At the end of that
day, a down-mixing of dust into the lowermost 2 km occurred.
The HYSPLIT backward trajectories arriving on 13 April 2015 show that the air
parcels are coming from southwestern direction (Fig. 5.2d). The upper and the
lower trajectories come from the Arabian Peninsula and travel over central Iran and
along the Afghanistan-Turkmenistan border. The upper trajectory is always more
than 3 km above ground, while the lower trajectory reached below 2 km once above
the Arabian Peninsula. The center trajectory is coming from more southern direc-
tion, traveling over southern Iran, where it reaches lowest down to below 1 km above
the Iranian Dashte-Lut desert.
Similar to HYSPLIT, the FLEXPART backward trajectories indicate Iran, includ-
ing its southern parts, and large parts of the Arabian Peninsula as source regions
(Fig. 5.2c). In contrast to HYSPLIT, the FLEXPART backward trajectories resided
partly above Afghanistan.
Vertical profiles of the optical properties of this dust layer are shown in Fig. 5.2b. The
layer-mean particle linear depolarization ratio at 355 nm wavelength (2.8–3.8 km)
is 0.18±0.01. The particle linear depolarization ratio at 532 nm wavelength is on
average 0.31±0.01 and has a maximum of 0.34 at 3.2 km height. This shows that
this lofted dust layer consists of almost unpolluted dust. Depolarization ratios of
pure Middle Eastern dust close to its source regions have been found as 0.3–0.35
at 532 nm wavelength (Mamouri et al., 2013, 2016). The mean extinction-related
Ångström exponent is 0.3±0.2. The mean lidar ratio is 39±2 sr at 355 nm and
34±2 sr at 532 nm wavelength, which is comparable to measurements for Middle
Eastern dust (Mamouri et al., 2013; Nisantzi et al., 2015). The lofted dust layer has
a maximum dust mass concentration of 268 µg m−3 at 2.5 km height at the bot-
tom of the layer. In the middle of the layer at 3.5 km, the dust mass concentration
reaches 227 µg m−3. The integrated dust mass up to 5.5 km altitude is 0.72 g m−2.
The non-dust components in this layer are negligible, except in the upper parts of
the layer, where the particle linear depolarization ratio at 532 nm wavelength partly
drops below 0.31.
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Figure 5.2: Case 1. A lofted layer of Middle Eastern dust is shown. (a) Same as Fig. 5.1 (left
panels), but on 12 April 2015, 18:00 UTC – 13 April 2015, 23:58 UTC. (b) The averaged lidar
profiles were measured on 13 April 2015, 15:10–16:08 UTC. Lidar signals are smoothed before
calculation of the extinction-related (743 m) and backscatter-related (68 m) optical properties.
Particle backscatter coefficient at 355 nm (blue), 532 nm (green) and 1064 nm wavelength (red).
Particle extinction coefficient, particle linear depolarization ratio, and lidar ratio at 355 nm and
532 nm wavelength. Extinction-related Ångström exponent from 355 nm and 532 nm wavelengths
(black), backscatter-related Ångström exponent from 355 nm and 532 nm wavelengths (aqua),
and backscatter-related Ångström exponent from 532 nm and 1064 nm wavelengths (magenta).
Dust mass concentration. (c) 144 h FLEXPART backward trajectories same as in Fig. 5.1
(right panels), but arriving on 13 April 2015, 14:30–15:30 UTC between 2.3 and 4.9 km height.
(d) 96 h HYSPLIT backward trajectories arriving at Dushanbe at 18:00 UTC at 2.3 km, 3.6 km,
and 4.9 km height.
5.3.2 Case 2: 8/9 August 2015, extreme dust event
An extreme dust event was measured on 8 and 9 August 2015. Figure 5.1c shows
the temporal development of the range-corrected signal of the 1064 nm wavelength
channel on 8–9 August 2015. The dust got lifted up with the evolution of the
convective boundary layer. This lead to a very strong signal in the lowest 1.5 km
with dust extending up to about 3 km height.
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The FLEXPART trajectories arriving on 8 August 2015 (Fig. 5.1f) exhibit a large
area northwest of Tajikistan with high accumulated residence times, even west of
the Caspian Sea.
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Figure 5.3: Case 2. An extreme dust layer with an AOT of 1.5 (at 532 nm wavelength) and a
calculated dust mass concentration of up to 1.1 mg m−3 is shown. The source regions of this
dust are in Central Asia (Fig. 5.1f). (a)–(f) same as Fig. 5.2b. The averaged lidar profiles were
measured on 8 August 2015, 22:20–23:57 UTC. Lidar signals are smoothed before calculation of
the extinction-related (743 m) and backscatter-related (68 m) optical properties.
Vertical profiles of the optical properties of this dust layer are shown in Fig. 5.3.
The particle extinction coefficients at 355 nm and 532 nm wavelength are about
500 Mm−1 at 1 km height. Apparently, the layer is divided into two parts. There is a
maximum in the first 1 km above ground and then again at about 2.5 km height. But
looking at the intensive properties, especially the particle linear depolarization ratio
and the extinction-related Ångström exponent, continuous features are recognizable.
The twofold layer probably contains the same aerosol and originates from the same
source region since it has almost identical optical properties. The apparent layer
boundary at 1.6 km is probably formed by the diurnal cycle of the boundary layer.
The development of the convective boundary layer after about 06:00 UTC on 8
August 2015 is visible in Fig. 5.1c. The mean particle linear depolarization ratios
are higher than in the lofted dust layer before (Case 1), on average (1.5–2.5 km)
0.23±0.01 at 355 nm and 0.35±0.01 at 532 nm wavelength. The mean lidar ratio
is 46±2 at 355 nm and 42±2 at 532 nm wavelength. The mean extinction-related
Ångström exponent is 0.2±0.1. The maximum dust mass concentration of that
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extreme near-ground dust layer is 1.1 mg m−3 at 0.7 km height, in the middle of the
layer, the minimum is about 634 µg m−3 at 1.7 km. In the upper part at 2.4 km,
the dust mass concentration is again about 842 µg m−3. The integrated dust mass
up to 3.7 km altitude is 2.7 g m−2.
5.3.3 Case 3: 14 July 2016, most extreme dust event
The most extreme dust event during the CADEX campaign occurred on 14 July 2016
(Fig. 5.4). The dust persisted during the next four days (Fig. 6.5). The FLEXPART
trajectories arriving on 14 July 2016 (Fig. 5.4b) show large accumulated residence
times as far away as western Iran, but the highest values are in Uzbekistan. The
accumulated residence times above Kazakhstan are high, but they are also reaching
eastwards towards the Lake Balkhash, differently than on 8 August 2015 (Fig. 5.1f).
The HYSPLIT backward trajectories arriving on 14 July 2016 are shown in Fig. 5.4c.
The higher trajectory arrived from the Aral Sea and the lower one from central Kaza-
khstan through Turkmenistan and Afghanistan. The vertical profiles of the measured
optical properties of this dust layer are presented in Fig. 5.4a. The particle extinc-
tion coefficients at 355 nm and 532 nm wavelength are about 1.6 km−1 at 1 km
height. The resulting AOT is 3.73 at 532 nm wavelength, which is much higher than
the long-term mean plus 10 times the standard deviation (see section 6.3.1). The
maximium AOT measured by sun photometer at 500 nm wavelength was 4.45. The
14 July 2016 has the highest daily mean AOT since the beginning of the record in
Dushanbe with the AERONET sun photometer in 2010. So this dust event could
well be described as record-breaking like Mamouri et al. (2016) called an extreme
dust event in September 2015 in the Mediterranean. The mean particle linear de-
polarization ratio (1.4–1.8 km) at 355 nm wavelength is 0.29±0.01 and thus higher
than in Case 2, while at 532 nm wavelength it is equally 0.35±0.01. The mean lidar
ratio is 40±1 sr at 355 nm and 39±1 sr at 532 nm wavelength. The mean extinction-
related Ångström exponent is -0.1±0.1. The calculated dust mass concentrations
for that most extreme dust is largest around 1 km height with 3.7 mg m−3. The
integrated dust mass up to 2.6 km height is 8.4 g m−2.
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Figure 5.4: Case 3. The most extreme dust event with an AOT of above 4 (at 500 nm
wavelength) and a calculated dust mass concentration of 3.7 mg m−3 is shown. The dust
source regions are in Central Asia. a) same as Fig. 5.2b. The averaged lidar profiles were
measured on 14 July 2016, 16:00–22:00 UTC. Lidar signals are smoothed before calculation
of the extinction-related (743 m) and backscatter-related (248 m) optical properties. b) 120 h
FLEXPART backward trajectories same as in Fig. 5.1 (right panels), but arriving on 14 July 2016,
20:30–21:30 UTC between 0.5 km and 2.6 km height. c) 96 h HYSPLIT backward trajectories
arriving at Dushanbe at 16:00 UTC at 1.25 km and 2.5 km height.
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5.3.4 Case 4: 13 May 2015, contrasting case with local pollution
Figure 5.1b shows the temporal development of the range-corrected signal of the
1064 nm wavelength channel on 13–14 May 2015. There were several aerosol layers
distributed up to 10 km height. The HYSPLIT backward trajectories arriving on 13
May 2015 are shown in Fig. 5.5b. The upper trajectory is coming from northwest of
Tajikistan and the lower trajectories reach down to the ground the same day inside
Tajikistan, indicating the contribution of local pollution to the lower altitude aerosol
layers.
The vertical profiles of the measured optical properties are presented in Fig. 5.5a.
The particle extinction coefficients in the layer at about 2–3.5 km are about 40 Mm−1
at 355 nm and 15 Mm−1 at 532 nm wavelength. This aerosol layer is barely depolar-
izing with a mean (2.3–2.9 km) particle depolarization ratio of 0.04±0.01 at 355 nm
and 0.09±0.01 at 532 nm wavelength. The mean extinction-related Ångström expo-
nent is 1.8±0.5. The mean lidar ratio is 45±5 sr at 355 nm and 29±4 sr at 532 nm
wavelength. The dust mass concentration reaches about 9 µg m−3 at 2.5 km height
and the non-dust mass concentration is at the same time only slightly higher with
about 11 µg m−3. The integrated dust mass up to 4 km height is 27 mg m−2 and
the integrated non-dust mass is 34 mg m−2.
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Figure 5.5: Case 4. A contrasting case with local pollution is shown. a) same as Fig. 5.2b.
Averaged lidar profiles measured on 13 May 2015, 18:10–20:30 UTC. Lidar signals are smoothed
before calculation of the extinction-related (788 m) and backscatter-related (98 m) optical prop-
erties. b) 48 h HYSPLIT backward trajectories arriving at Dushanbe at 18:00 UTC at 1 km,
2 km, and 3 km height.
Chapter 6
Observations part 2:
climatological results
In this chapter, the aerosol conditions observed during the CADEX campaign are
discussed using AERONET parameters and lidar profiles. The aerosol layer top
heights observed during the campaign are shown (Sect. 6.1). The general air mass
origin in Dushanbe is described by using seasonal clusters HYSPLIT backward tra-
jectories at different heights (Sect. 6.2). Optical properties from sun photometer
(AOT, Ångström exponent, and fine-mode fraction) and lidar (backscatter and ex-
tinction coefficient and particle depolarization ratio) are discussed (Sect. 6.3). The
dust optical thickness (DOT) and AOT of all evaluated profiles as well as a com-
parison of lidar-derived AOT to sun photometer AOT are presented. The height
resolved contribution of the AOT/DOT to the total one is discussed. Finally, the
microphysical properties as mass and number concentration as well as CCN and INP
properties are presented and compared to values found in the literature (Sect. 6.4).
6.1 Aerosol layering
The 328 profiles were used to describe the aerosol stratification above Dushanbe. By
visual inspection of the profiles at very low vertical smoothing of 23 m, the follow-
ing aerosol top heights were defined. The significant aerosol layer height was defined
where the backscatter coefficient at 1064 nm wavelength reaches a first minimum in a
range between about 0-1.5·10−4 km−1 sr−1. If other aerosol layers at higher altitudes
were present above the significant aerosol layer height, an uppermost layer height
was defined where the backscatter coefficient decreases again to a range between
about 0-5·10−5 km−1 sr−1. This method is to a certain degree arbitrary. Therefore,
more objective automatic layer detection methods were applied too. Threshold me-
thods on the backscatter ratio as well as on the backscatter coefficient at 1064 nm
wavelength were applied. Furthermore, the backscatter coefficient at 1064 nm was
integrated and the heights were calculated at which 95%, 90%, and 85% of the total
integrated backscatter (IB) were reached (Fig. 6.1, Tab. 6.1).
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To illustrate the determination of the aerosol layer height, an exemplary measure-
ment on 8 June 2016 is shown in Fig. 6.1. A lofted aerosol layer extended between
roughly 5.6 km and 8 km height (manually determined uppermost height, light blue
line in Fig. 6.1b,c,d). The manually determined significant aerosol layer top height
was found at 4.8 km height (dark green line in Fig. 6.1b,c,d). The particle linear de-
polarization ratios are similar both in the bottom and top layer, namely about 0.1 at
355 nm and 0.2 at 532 nm wavelength, which is indicating polluted dust conditions.
The brown dash-dotted lines in Fig. 6.1c denote the heights where the backscatter
ratio decreases below the threshold of 1.8 (thinner) and 1.2 (thicker). The backscat-
ter ratio threshold of 1.8 yields a height of 5 km close to the manually determined
significant aerosol height at 4.8 km. In this case, this is similar to the height deter-
mined by a backscatter coefficient threshold of 1·10−4 Mm−1 sr−1 at 4.7 km. The
smaller backscatter ratio threshold of 1.2 yields a larger height (8.4 km), slightly
above the manually determined uppermost aerosol layer height at 8 km. The height
of 85% IB covers most of the significant aerosol, while the 90% and 95% heights are
only reached within the lofted layer.
4-
2-
6-
H
ei
gh
t a
.g
.l.
 [k
m
]
10-
- - 0-
- - -100 50 0
Range-corrected signal at 1064 nm [a.u.]
18:00 21:00
8-
a)
08/06/2016 (UTC)
- 
b) c) d)
23:58
Figure 6.1: The vertical blue column indicates the time interval of automated depolarization
calibration (excluded for the data analysis in b to d). From the signal profiles collected within
the period from 20:00 to 22:59 UTC (red box in a), mean profiles of (b) the particle backscatter
coefficient at 1064 nm (23 m vertical smoothing length), (c) respective 1064 nm backscatter ratio,
and (d) particle linear depolarization ratio at 355 nm (blue) and 532 nm (green) are calculated
(308 m vertical smoothing length). Error bars indicate the uncertainty in the computed values.
The solid green and light blue horizontal lines in (b–d) indicate the manually determined top
heights of the main aerosol layer and of the uppermost aerosol layer, respectively. The red
dashed lines in (b) and (c) show the respective top heights when using the backscatter threshold
methods with the threshold values of backscatter < 2.5·10−5 km−1 sr−1 (in b) and backscatter
ratio of 1.8 (in c). The blue dashed line in (b) indicates the height at which the column integrated
backscatter IB value reached the 90% IB level.
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The seasonal means of the manually and automatically determined aerosol layer top
heights are summarized in Tab. 6.1. Figure 6.2 shows all the manually determined
main and uppermost aerosol layer top heights. Of all the 328 cases, an uppermost
aerosol top height was found in 184 cases.
Figure 6.2: Top heights of the main aerosol layer (red) and of the uppermost aerosol layer
(blue). All lidar backscatter profiles were inspected manually, i.e., an automated retrieval of layer
top heights was not applied for the shown heights.
The main aerosol top height increases from about 2.5–4.5 km in March to about
4–6.5 km in July 2015. From August 2015, the top heights decrease to minimum
heights of about 1–2 km in December 2015 and January 2016. During February and
March 2016, the top heights increase steeply. Later in the year 2016, the top heights
are rather variable, but are not showing a clear maximum in July as in the year
2015. The average top height in August 2016 (4.5 km) is similar to the one in July
2016 (4.6 km), while in August 2015 (4.3 km), it was already significantly lower than
in July 2015 (5.5 km). The uppermost layer top heights vary strongly but appear
frequently almost all year long except in late autumn and early winter. Although
optically thin, dust layers in the middle and upper troposphere may have a sensitive
impact on ice formation in mixed-phase and ice clouds (Ansmann et al., 2019a). The
largest monthly mean uppermost layer top height occurred in May 2015 with 8.9 km,
the lowest in January 2016 with 3.8 km, and none in December 2015. In both spring
seasons 2015 and 2016, the largest mean uppermost layer top heights were 7.7 km,
followed by summer, autumn, and then winter season (Tab. 6.1). Furthermore, the
largest percentage of observed uppermost layer top heights was in the spring seasons
of 2015 (in 89% of the analyzed days) and 2016 (66%). In the summer season
2015, it was 62% and in summer 2016 53%. During the autumn season, it was the
least frequent with 34%. But in the winter season with 41%, this is dominated by
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February having uppermost layers in 12 out of 19 observations. Figure 6.3 shows a
histogram of all the observed uppermost layer top (a) and significant aerosol layer
top (b) heights. The most frequent uppermost layer top height was between 7–8 km
followed by 6–7 km. The most frequent significant aerosol top height was between
4–5 km followed by 3–4 km.
Table 6.1 summarizes the seasonal mean top heights of the main aerosol layer and the
highest detected layer in the troposphere. The results obtained by case-by-case visual
inspection and by applying the automated retrievals for the main layer depth are
in good agreement (mostly within a range of 10% deviation). The seasonal means
for the 90% IB level height indicate that most of the time the aerosol within the
main layer (Fig. 6.1b) contributes 90% or even more to the overall IB or AOT (see
Sect. 6.3). As a consequence, we may conclude from the height-resolved observations
that many snow-covered (glaciated) regions of Central Asia (Pamir mountains, Tien
Shan) located at heights below 5 km (Treichler et al., 2019) are continuously exposed
to dust and pollution aerosol during the summer half year.
0
25
50
a) N=184
0 1 2 3 4 5 6 7 8 9 10 11
Height a.g.l. [km]
0
50
100
   
   
   
   
   
   
   
   
   
   
Nu
m
be
r o
f o
bs
er
va
tio
ns
N=328b)
0
0.1
0
0.2
   
   
   
   
   
   
   
   
   
   
Pe
rc
en
ta
ge
 o
f o
bs
er
va
tio
ns
Figure 6.3: Histograms of layer top heights for (a) the uppermost layer (blue) and (b) the main
aerosol layer (red). The total number of observations is 328.
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Table 6.1: Mean and standard deviation of main aerosol layer top height and uppermost aerosol
layer top height per season, determined by visual inspection and thresholds applied on the in-
tegrated backscatter (IB), backscatter coefficient (bsc), and backscatter ratio (bsc ratio) at
1064 nm wavelength.
Season MAM (88) JJA (144) SON (59) DJF (37)
main 4.3±1.2 4.7±0.9 3.6±0.9 2.9±1.2
uppermost 7.7±1.8 7.0±1.3 6.4±1.8 5.5±1.8
85% IB 3.8±1.3 3.3±0.6 2.4±0.7 2.1±1.1
90% IB 4.6±1.4 3.7±0.7 2.8±1.8 3.0±1.2
95% IB 5.8±1.6 4.3±0.9 3.6±1.0 4.4±2.0
bsc < 1·10−4 km−1 sr−1 3.6±1.1 4.5±0.8 3.1±1.1 1.9±1.1
bsc < 5·10−5 km−1 sr−1 4.4±1.4 4.9±1.0 3.4±1.0 2.4±1.1
bsc < 2.5·10−5 km−1 sr−1 5.5±1.7 5.2±1.2 3.7±1.0 2.9±1.1
bsc ratio < 1.8 4.6±1.7 5.0±1.1 3.4±1.1 2.3±1.3
bsc ratio < 1.5 5.5±1.9 5.2±1.2 3.6±1.1 2.7±1.3
bsc ratio < 1.2 6.5±2.0 5.9±1.4 4.3±1.2 3.4±1.1
6.2 General air mass origin
Figure 6.4 provides an overview of the main air flow and aerosol transport towards
Dushanbe as shown in Hofer et al. (2020a). During the winter season (Fig. 6.4a), lo-
cal sources and regional aerosols (clusters 1,2, and 5, 84%) contribute to the aerosol
conditions in the main aerosol layer over Dushanbe. Source regions are northern
Afghanistan, southwestern Tajikistan, Turkmenistan, southern Uzbekistan, the re-
gion downwind the Caspian Sea, and the Aralkum desert.
During the summer season, again regional air mass transport prevails (Fig. 6.4b,
clusters 2, 3, and 4, 80%) in the main aerosol layer. Source regions are Uzbekistan,
western Tajikistan, Aralkum desert, and southern Kazakhstan. Regarding the upper
tropospheric air mass transport, Fig. 6.4c shows that the aerosol originates mainly
(62%) from Middle Eastern deserts (cluster 5) and North Africa (clusters 2 and
4), but also from polluted Mediterranean (cluster 1) and eastern European regions
(cluster 3).
The cluster analysis suggests that the air masses are transported further to the east,
crossing eastern Asia, continuously diluting, but mixing with new dust and pollution
over China, and traveling across the Pacific. The upper tropospheric dust and pollu-
tion aerosol mixtures as observed over the lidar station at Dushanbe will become part
of the northern hemispheric upper tropospheric aerosol background reservoir that in-
fluences cirrus formation and precipitation processes on continental to hemispheric
scales.
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Figure 6.4: Results of the seasonally resolved HYSPLIT cluster analysis of daily 120 h backward
trajectories arriving above Dushanbe at (a) 1.5 km height a.g.l. (winter season, DJF), (b) 2.5 km
height (summer season, JJA), and (c) 7.5 km height (spring season, MAM). 10 years (2009–
2018) of daily HYSPLIT backward trajectories are considered, about 900 trajectories per season.
Five clusters are determined for each season. The relative frequency of occurrence of air mass
transport belonging to a specific cluster is given in percent at the beginning of the cluster
trajectory together with the cluster number. Local and regional aerosol sources control the
environmental conditions in the main aerosol layer (below 4–5 km height) in winter (a) as well
as in summer (b), while long-range transport of dust from the Middle Eastern deserts and the
Sahara mainly determine the aerosol conditions in the upper troposphere (above the main aerosol
layer) in spring (c) and summer (not shown).
6.3 Optical properties
6.3.1 AERONET measurements
An overview of the daily means of the AOT at 500 nm wavelength and the Ångström
exponent from the 440–870 nm spectral range is shown in Fig. 6.5. The data were
measured by sun photometer from March 2015 until August 2016 (cloudscreened
AERONET data, Level 1.5). For the six 3-month seasons of the measurement cam-
paign, the means of the AOT, the Ångström exponent, and the fine-mode fraction
from the 500 nm measurements are shown in Tab. 6.2. A seasonal transition is ob-
vious from the winter to the summer months. The AOT increases from spring to
summer and decreases again in autumn. The Ångström exponent and the fine-mode
fraction behave reversely.
Table 6.2: Seasonal means of the sun photometer measurements (AERONET Level 1.5, cloud-
screened). AOT at 500 nm wavelength, Ångström exponent (̊a) from the 440–870 nm spectral
range, and the fine-mode fraction (FMF) from 500 nm wavelength.
Season AOT å FMF
Mar–May 2015 0.16 0.63 0.39
Jun–Aug 2015 0.40 0.54 0.33
Sep–Nov 2015 0.23 1.03 0.51
Dec–Feb 2015/16 0.15 1.28 0.71
Mar–May 2016 0.22 0.82 0.48
Jun–Aug 2016 0.41 0.52 0.34
CHAPTER 6. OBSERVATIONS PART 2: CLIMATOLOGIES 43
1.2 1.3 1.4 1.0 3.7
2.7 1.3
1.3
a)
b)
Figure 6.5: Daily means of the AOT (a) and Ångström exponent (b) measured in Dushanbe from
March 2015 until August 2016 by sun photometer (AERONET Level 1.5, clouscreened). The red
lines indicate the days of the presented example cases 1–4 discussed above in Sects. 5.3.1–5.3.4.
There is a dusty 6-month season from April to September, and a less dusty season
from October to March, but a strong dust event still occurred in October 2015.
Within these seasons, strong variations in the AOT and especially in the Ångström
exponent occur from day to day. This indicates fast changes from dust dominated
to pollution dominated aerosol conditions.
Gkikas et al. (2009, 2013, 2016) and Georgoulias et al. (2016) classified dust events
in the Mediterranean region based on the long-term mean of the AOT measured by
satellite and ground stations. According to this classification, a strong dust event
equals or exceeds the mean AOT plus 2 times the standard deviation, while an ex-
treme dust event equals or exceeds the mean AOT plus 4 times the standard devia-
tion. This classification can be pursued for the station in Dushanbe with AERONET
data (Level 2.0), which are available from July 2010 to November 2016 (1413 days).
The mean of the daily mean AOT at 500 nm wavelength is 0.28 with a standard de-
viation of 0.23. As a comparison, Georgoulias et al. (2016) found a long-term mean
AOT at 550 nm wavelength of 0.22±0.19 for the Eastern Mediterranean region.
Therefore, in Dushanbe, days with an AOT > 0.74 are strong dust events, while
days with an AOT > 1.2 at 500 nm wavelength are extreme dust events. Consider-
ing only the measurement period from March 2015 to August 2016, the mean AOT
at 500 nm wavelength was 0.28 (with a standard deviation of 0.16) and therefore
equal to the long-term mean. According to this classification, 6 episodes of strong
dust and 6 episodes of extreme dust occurred during the measurement period. In
the period July 2010 to November 2016 (6.25 years), strong dust events occurred
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19 times (3 per year), extreme dust events 10 times (1.6 per year), and more than
extreme dust events with an AOT above 2 at 500 nm wavelength occurred 4 times
(0.6 per year).
6.3.2 AOT calculation from lidar and comparison to AERONET
The AOT at 532 nm wavelength was calculated for all evaluated profiles with avai-
lable extinction by integrating the extinction profiles (at high vertical smoothing of
743 m). Because of the overlap effects below about 1–1.5 km, the extinction pro-
files were extended to the ground by means of the backscatter coefficient (at a low
vertical smoothing of 23 m) multiplied by a constant lidar ratio chosen at a certain
height between 1.1 km and 1.9 km (on average at 1.4 km). An example case of such
a calculation is shown in Fig. 6.3.2.
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Figure 6.6: Overview of the basic lidar products obtained from the Dushanbe lidar observations.
The PollyXT measurement was taken on 28 June 2016, 18:00-20:59 UTC. (a) Particle backscatter
coefficient at 355 nm (blue, 743 m vertical smoothing length) and 532 nm (dark green, 23 m
vertical smoothing, green, 743 m vertical smoothing), (b) particle extinction coefficient at 355 nm
(blue) and 532 nm (green), 743 m vertical smoothing, and 532 nm particle extinction coefficient
(dark green) calculated from the 532 nm particle backscatter coefficient (dark green in b) and the
532 nm lidar ratio at 1.4 km (magenta dashed line indicates the 1.4 km height), (c) lidar ratio at
355 nm (blue) and 532 nm (green), 743 m vertical smoothing, (d) particle linear depolarization
ratio at 355 nm and 532 nm, and (e) relative humidity retrieved according to Dai et al. (2018).
The 532 nm AOT is computed from the extinction profile segments from the surface to 1.4 km
height (in b, dark green) and from 1.4–6.0 km (in b, green). Error bars show the uncertainty in
the profile data.
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To check the accuracy of lidar-derived AOT values we compared the lidar-derived
AOTs with respective AERONET 500 nm AOTs measured with the sun photometer
in the afternoon, preferably close to sunset. For this purpose, 192 lidar extinction
profiles were computed. The averaging time ranged from 15 min to 1 h 40 min with
an average of about one hour. The temporal distance to the last AERONET mea-
surement ranged from 2 hours to about 5 hours. Figure 6.7 shows the comparison.
The agreement is acceptable. A small bias is observed which is most probably re-
lated to the fact that the AERONET observations are performed at relatively low
sun elevation angle across the city center of Dushanbe and lidar observations were
performed in the vertical direction. The combined AERONET and lidar field site
was located in a less urbanized area, about 4 km east of the city center. The vari-
ability in the data is caused by temporally and spatially varying aerosol conditions
and variations in the wavelength dependence of AOT in the 500–532 nm range and
thus aerosol size distribution changes. The uncorrected wavelength dependence can
cause differences of the order of 5%, only. It is interesting to note that a similar bias
(deviation from the Dushanbe AERONET observations) was found when comparing
MODIS (Moderate Resolution Imaging Spectroradiometer) long-term observations
of 550 nm AOT with the AERONET data shown in the supplementary material of
Rupakheti et al. (2019). One of the reasons could be an overestimation of multiple
scattering effects (caused by mineral dust) in the AERONET data analysis.
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Figure 6.7: AERONET 500 nm AOT against Lidar-derived 532 nm AOT. N = 192 lidar ob-
servations (performed after sunset, outside the city center, vertical pointing) are compared with
AERONET measurements before sunset (frequently at low sun elevation angle, measurement
path across polluted Dushanbe). Different seasons are contrasted by different colors (spring,
MAM, summer, JJA, autumn, SON, winter, DJF). The dashed magenta line is obtained from
linear regression analysis, corresponding equation and correlation coefficient are given in magenta.
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6.3.3 AOT and DOT
AOT histograms obtained from all 276 Dushanbe lidar nighttime profiles and all sun
photometer AOT measurements (from March 2015 to August 2016) (AERONET,
2019) are shown in Fig. 6.8. Similar AOT distributions are observed with both
instruments. Most AOTs are < 0.3. Large values (> 0.5) indicate dust outbreak
events. The specific value of a polarization lidar is the potential to separate the dust
from non-dust backscattering and thus to obtain an accurate estimate of the dust
optical thickness (DOT). The distribution of DOT is given in Fig. 6.8c.
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Figure 6.8: Histograms of (a) AERONET 500 nm AOT, (b) lidar-derived 532 nm AOT, and (c)
lidar-derived dust optical thickness (DOT). DOT is obtained from the height profile of the dust-
related backscatter coefficient multiplied by a typical dust lidar ratio of 35 sr for this consideration.
Most DOT values are ≤0.2. This is in agreement with findings of Li and Sokolik
(2018). These authors concluded from in-depth analysis of long-term spaceborne
passive remote sensing over Central Asia that most DOTs are below 0.2 at 550 nm.
Higher AOTs over western than over eastern Tajikistan were observed and as a gen-
eral finding, more dust was observed in the western parts of Central Asia (closer to
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the Caspian Sea) than in the eastern parts.
Rupakheti et al. (2019) analyzed satellite (MODIS) observations from 2002–2017 and
found for the southern part of Central Asia (for the two southern countries Turk-
menistan and Tajikistan, see Fig. 2.1) seasonal mean 500 nm AOT values of 0.18 (Ta-
jikistan) to 0.22 (Turkmenistan) in spring, 0.2–0.22 in summer, 0.16–0.18 in autumn,
and 0.14–0.17 during the winter months. In contrast, the Dushanbe AERONET ob-
servations revealed, seasonally mean values of 0.19 (spring), 0.36 (summer), 0.23
(autumn), and 0.15 (winter) for the CADEX period from March 2015 to August
2016. The lidar observations provided seasonal mean DOT/AOT ratios of 0.5 in
spring, 0.8 in summer, 0.6 in autumn, and 0.1 in winter. Thus, a considerable part
of the AOT is caused by anthropogenic fine-mode pollution aerosol. Our findings are
in reasonable agreement with the MODIS observations of the Ångström exponent
(describing the AOT wavelength dependence in the spectral range from 440 nm to
870 nm) with seasonally mean values of 1.0–1.2 for Turkmenistan and 1.3–1.4 for
Tajikistan. From the Dushanbe 2015–2016 AERONET photometer observations we
obtained, however, lower seasonally mean Ångström exponents, namely 0.7 (spring),
0.5 (summer), 0.8 (autumn), and 1.15 (winter). The dust and non-dust aerosol frac-
tions of the total aerosol burden are further discussed in the next sections.
Figure 6.9a shows the different contributions of different height ranges to the mea-
sured AOT. Figure 6.9b shows the same for DOT. The features are similar to the
AOT.
a) b)
Figure 6.9: Seasonally resolved relative contributions of different height regions to (a) AOT
(532 nm) and (b) DOT (532 nm). The analysis is based on the data shown in Fig. 6.8b and the
respective height profiles of the particle extinction coefficient. Numbers of available observations
are given in the lowest line.
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In Figs. 6.2 and 6.3, it was shown that the main aerosol layer reaches, on aver-
age, to 4–5 km height during the summer half year. The planetary boundary layer
(convective mixing layer) typically covers the lowermost 1.5 km (red AOT and DOT
contribution in Fig. 6.9a,b) and contributes 48% to AOT and 54% to DOT in spring,
slightly less in summer, and then up to 80% for AOT and 86% for DOT during the
winter months. The remaining part of the main aerosol layer (from about 1.5 to
4.5 km height) causes almost the entire residual AOT and DOT contribution. The
largest amount of AOT and DOT in the middle and upper troposphere (above 4.5 km
height) is observed during spring but it only sums up to 13% (AOT) and 10% (DOT).
6.3.4 Backscatter and depolarization ratio profiles
Figure 6.10 shows bundles of all particle backscatter coefficient and particle lin-
ear depolarization profiles for all four seasons. These profiles are the basis of the
POLIPHON results presented in Sect. 6.4.
In spring, the mean particle backscatter coefficients are comparably low, but a lot of
lofted layers occur (Fig. 6.10a). The particle depolarization ratio varies from about
0.05 to 0.35, mainly in the lofted layers, which occur up to 11 km (Fig. 6.10b). The
average particle linear depolarization ratio in the lowest 4 km is about 0.15.
In summer, the mean particle backscatter coefficients are largest (Fig. 6.10c). In
contrary to spring, the mean particle backscatter coefficient profile doesn’t show a
continuous decrease with height, but accentuates a layer top height at about 5 km.
The particle linear depolarization ratios in the lowest 3 km are rarely below 0.1 and
reach up to above 0.35 (Fig. 6.10d). The mean particle linear depolarization ratio
in the lowest 3 km is 0.2. As in spring, lofted layers occur up to above 10 km, but
above about 3 km the mean particle linear depolarization ratio is lower than the one
in spring.
In autumn, the mean particle backscatter coefficients are smaller than in summer,
but are still larger in lower heights than in spring. Lofted layers occur less frequent
and the mean backscatter profile is again steadily decreasing with height (Fig. 6.10e).
As in spring, again lower depolarization ratios occur in autumn, from below 0.05 to
about 0.30 (Fig. 6.10f). The mean particle linear depolarization ratio in the lowest
3 km is below 0.2. Lofted layers occurred up to 9 km but were less frequent and had
a lower depolarization than in summer and in spring.
In winter, the mean particle backscatter coefficient is almost diminishing above 2 km,
while below 1 km it is still similarly large as in autumn (Fig. 6.10g). Except in the
lowest heights, the particle linear depolarization ratios do not exceed 0.2. The mean
particle linear depolarization ratio profile is mostly below 0.1. Some lofted layers
occur up to about 6.5 km but are again not as depolarizing as in spring or summer
(Fig. 6.10h).
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Figure 6.10: Profiles of particle backscatter coefficient (left panels) and particle linear depo-
larization ratio (right panels) at 532 nm wavelength for (a) spring (MAM), (b) summer (JJA),
(c) autumn (SON), and (d) winter (DJF). 743 m vertical smoothing was applied to the profiles.
The mean profile is plotted in dark green and the standard deviation in red. N is the number of
observations per season.
6.3.5 Extinction coefficient profiles
The 18-month climatology for the 532 nm extinction coefficient profiles is shown in
Fig. 6.11. The figure is based on the 276 height profiles discussed above. Typical
particle extinction values are 25–50 Mm−1 in spring and autumn, 50–100 Mm−1
in summer, and 50–150 Mm−1 during the winter season. According to the shown
seasonal mean extinction profiles, the main aerosol layer reaches up to 5–5.5 km in
spring, summer, and autumn and to about 2 km in winter. A moderate atmospheric
variability in terms of particle extinction is observed in spring, autumn and winter,
but a strong variability is found during the summer season. This is the result of partly
major dust storms with extreme particle extinction values of the order of 1500 Mm−1
and related horizontal visibilities of 2 km and less. Near-surface extinction values are
highest in winter during the domestic heating period. The pollution is then trapped
in the shallow aerosol layer with depth of 2 km only.
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Figure 6.11: Seasonal mean 532 nm total (dust + non-dust) particle extinction coefficient
for (a) spring, (b) summer, (c) autumn, and (d) winter. The thick dark green line shows the
mean extinction coefficient directly computed from the nitrogen Raman signal profiles. The
red line is obtained from the same lidar nighttime observations but in terms of the respective
532 nm backscatter coefficient profiles multiplied by a lidar ratio of 35 sr (in a-c, spring, summer,
autumn) and 50 sr (in d, winter). The green shadow shows the atmospheric variability (one
standard deviation) based on the backscatter coefficient profiles per season. The N values show
the number of available Raman lidar observations per season. The maximum near-surface aerosol
extinction coefficient is about 1500 Mm−1 occurring in the summer season during severe dust
outbreaks.
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6.4 Microphysical and cloud-relevant particle proper-
ties
6.4.1 POLIPHON example case
The POLIPHON method permits the conversion of dust and non-dust extinction
coefficients into height profiles of dust and non-dust mass, CCN, and INP concen-
tration. The full retrieval procedure, starting from the basic data sets of 532 nm par-
ticle backscatter and linear depolarization ratio profiles is described in Sect. 3.6 and
shown in Fig. 6.12. Recently, the required conversion factors for mineral dust were
updated and include now Central Asian and Middle Eastern dust conditions (Ans-
mann et al., 2019b). Ansmann et al. (2019b) used a measurement from Dushanbe
(13 April, 2015, see Sect. 5.3.1, Fig. 5.2) as an example to demonstrate the effects
of different conversion factors from different locations.
The measured particle depolarization ratio at 532 nm was close to 0.3 at heights
above 3 km and indicates the presence of an almost pure dust layer up to 8 km height
(Fig. 6.12a). Only in the lower part (below 2.5 km height) the depolarization ratio
dropped below 0.2 and indicates a mixture of mineral dust, pollution aerosol (urban
industrial particles, biomass burning smoke), and continental background aerosol.
In the shown example, the dust mass concentration was low (< 25 µg m−3) in the
polluted layer and > 150 µg m−3 in the center of the lofted dust layer (Fig. 6.12b).
The mass concentration of continental pollution aerosol was much lower with values
< 5 µg m−3 throughout the troposphere. The estimated profiles for the dust and
non-dust CCN concentrations show values of up 300 cm−3 in the center of the lofted
dust plume and a total CCN concentration of about 150 cm−3 in the polluted layer
below 2 km height (Fig. 6.12c). By means of the derived height profiles of dust par-
ticle number concentration considering particles with radius > 250 nm only and the
dust particle surface area concentration in Fig. 6.12d together with the respective
GDAS temperature profile, the profile segments for the INP concentrations are ob-
tained in Fig. 6.12e. We distinguish profiles relevant for immersion freezing (DeMott
et al., 2015) and deposition nucleation of ice crystals (Ullrich et al., 2017). Immer-
sion freezing dominates in mixed-phase clouds at temperatures > −30◦C, whereas
deposition nucleation is the relevant heterogeneous ice nucleation process at temper-
atures < −30◦C, e.g., in cirrus layers. We only show the dust INP values because
non-dust aerosol components (such as soot particles) are inefficient INPs at the given
temperatures.
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Figure 6.12: Overview of microphysical and cloud-relevant particle properties obtained by apply-
ing the POLIPHON method to the polarization lidar measurements. The lidar measurement was
performed on 23 April 2015, 21:00–21:34 UTC. (a) The 532 nm particle backscatter coefficient
(in green) and the particle linear depolarization ratio (in dark green) are used as input to obtain
the results in (a–e). The POLIPHON products are (a) the derived 532 nm dust backscatter coef-
ficient (yellow) and the non-dust backscatter coefficient (light blue), (b) dust mass concentration
(yellow) and the non-dust mass concentration (light blue), and the dust mass fraction (black,
ratio of the dust to total particle mass concentration, dashed black vertical line shows a dust
mass fraction of 1), (c) dust and non-dust CCN concentrations for 0.2% supersaturation, (d) dust
particle number concentration (n250,d) and surface area concentration, and (e) dust-related INP
concentration profiles when applying the INP parameterizations for deposition nucleation (dep,
in red, use of the dust surface area concentration as input) and immersion freezing (imm, in blue,
with n250,d as input). Horizontal lines in (e) show the temperature levels on 23 April 2015. Error
bars and ranges (shadows) indicate the uncertainty in the retrieved values.
6.4.2 Mass and number concentration, and dust fraction
Figures 6.13, 6.14, and 6.15 summarize the findings regarding dust and non-dust mass
concentrations and dust mass fraction for the 18-month lidar campaign. According
to Fig. 6.13, typical (mean) dust mass concentrations in the lowermost 2.5 km of the
atmosphere are 100 µg m−3 (spring), 200–600 µg m−3 (summer), 100–300 µg m−3
(autumn), and 20–50 µg m−3 (winter). The seasonal mean values for anthropogenic
haze and biomass burning smoke are an order of magnitude lower with typical values
(up to 2.5 km height) of 10–20 µg m−3 (spring to autumn), and 20–50 µg m−3 during
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the domestic heating period.
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Figure 6.13: Seasonal mean dust (yellow) and non-dust (cyan) mass concentration profiles for
(a) spring, (b) summer, (c) autumn, and (d) winter. The dotted lines show the (mean + SD)
values and provide an impression of the atmospheric variability. The (mean − SD) values are
close to zero. Considered nighttime observations N are given as numbers.
Figure 6.14 shows the mean dust mass fraction as a function of height. Each mean
profile is based on a different set of single profiles. In each of the 8 computations,
only profiles with significant particle backscatter and depolarization ratio up to the
given top height from 3 km (in a) to 10 km (in h) were considered. This means,
measurements were not considered when the backscatter coefficient indicated clear
air in the upper part of the profile, i.e., below the defined top height. The aim was
to determine the mean dust fraction in the occurring dust layers. By excluding all
cases with clear air in the upper part of the averaging height range, the number
of considered night-by-night observations decreases from 310 profiles (out of a total
set of 328 profiles) in the case of the top height of 3 km (Fig. 6.14a) to 9 profiles
when considering and averaging all profiles that show dust from the surface up to
10 km height (Fig. 6.14h). As can be seen, the profile-mean dust mass fraction is
in most cases 70–80%. The dust mass fraction typically decreases with height from
90% to about 50% in the uppermost part of the profile. The other way around, the
anthropogenic aerosol mass fraction is always of the order of 20–30% in the main
aerosol layer up to 4–5 km height, and also in the lofted dust layers higher up (5–
10 km height range). This is consistent with the DOT and AOT mean values and
DOT/AOT ratios discussed above.
Figure 6.15 highlights the decreasing number of dust cases (available for dust profile
averaging up to a given top height) with increasing height. Figure 6.15 is similar
to Fig. 6.14, but considers a higher resolution concerning the defined top heights in
the averaging procedure. The main result is the very smooth, decreasing curve for
the frequency of occurrence of dust layers. In terms of the number of observed dust
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cases, close to 100% (with 80% mean dust mass fraction) out of all 328 nighttime
profiles show dust up to 3 km top height, as already mentioned above, 65% in the
case of the 5 km top height (mean dust fraction of 74%), and only a few cases of
dust (< 10%) when the defined top height is > 9 km.
Figure 6.14: Mean dust mass fraction as a function of height up to (a) 3 km, (b) 4 km,
(c) 5 km, (d) 6 km, (e) 7 km, (f) 8 km, (g) 9 km, and (h) 10 km. Each profile considers a
different (decreasing) number N of observations (given in each of the eight panels, total number
of observations is 328). Only observations with a backscatter coefficient clearly above zero up
to the top height of the profile so that a dust mass fraction could be calculated are considered.
Profiles showing pure Rayleigh scattering in the upper part of the height profiles (below the
defined (a)–(h) top height) are excluded from the averaging. The bars indicate the atmospheric
variability (1 SD). The profile mean dust mass fraction obtained from the shown 8 mean dust
profiles are given as numbers together with the available number N of profiles in each of the 8
averaging processes (see text for more details).
a.g.l.
Figure 6.15: Relative frequency of occurrence of dust up to a given top height, ranging from
2–10 km top height (shown with a top height resolution of 0.5 km). The given red numbers are
column mean dust mass fractions calculated in the same way as in Fig. 6.14. Total number of
available dust mass fraction profiles is again N = 328.
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6.4.3 CCN properties of dust and non-dust
The CCN concentrations are calculated with the POLIPHON method (see Eqs. 3.34
and 3.35 in Sect. 3.6, as well as Sect. 6.4.1 and Fig. 6.12) and are equal to the n100,d
for hydrophobic dust and to n50,nd in case of non-dust aerosol. The presented values
were calculated for a supersaturation of 0.2%.
Figure 6.16 shows the results concerning dust and non-dust CCN. As a general
impression, CCN decrease with height because of the decreasing particle number
concentration. To facilitate the comparison of CCN concentration levels for the
different seasons we define typical height ranges as representative reservoirs for CCN.
The 3–4 km height range can be regarded as the main CCN reservoir for convective
cloud formation (liquid-water and mixed-phase clouds) over Dushanbe during the
spring, summer, and autumn seasons. Table 6.3 summarizes the layer-mean values
of the cloud-relevant aerosol quantities for the 3–4 km and 7–8 km height ranges and
for the different seasons.
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Figure 6.16: Same as Fig. 6.13, except for seasonal mean dust and non-dust CCN concentrations
(for 0.2% supersaturation) in (a) spring, (b) summer, (c) autumn, and (d) winter. The dotted
lines again show the (mean + SD) values. Considered nighttime observations N are given as
numbers.
The results for CCN concentrations in Fig. 6.16 show that the aerosol particles
lead to mean dust CCN concentrations of the order of 50 cm−3 (spring), 100 cm−3
(summer), and 30–50 cm−3 (autumn) and to non-dust CCN concentrations of the
order of 200 cm−3 (spring), 400 cm−3 (summer), and 250 cm−3 (autumn) for the
3–4 km height layer during the summer half year (spring to autumn). The shown
SD values (difference between the solid and dotted lines in Fig. 6.16) indicate an
atmospheric variability according to a factor of two (thus, a value range from almost
zero to 2 times the mean). For comparison, Schmale et al. (2018) summarized
European CCN observations (for a supersaturation values of 0.15%) and compared
them with other measurements in Alaska and Amazonia. They found mean CCN
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concentrations of 1200–1500 cm−3 in central Europe, 100 cm−3 at the Atlantic coast
in Ireland, < 100 cm−3 in Alaska during the summer half year, and 100 cm−3 in
the wet season to 700 cm−3 in the dry season in the Amazon, Brazil. Haarig et al.
(2019) reported CCN concentrations of 140–270 cm−3 in the lofted Saharan air layer
(containing pure dust) over Barbados in the Caribbean during the summer season of
2013 and 400–500 cm−3 in spring (March 2014) for a mixture of dust and pollution
over Barbados originating from Africa. Thus, the CCN levels over Dushanbe indicate
moderately polluted continental aerosol background conditions.
6.4.4 INP properties of dust
The dust INP concentrations are calculated based on temperature dependent para-
meterizations applied on the dust number concentration n250,d in case of immersion
freezing and on dust surface area concentration sd in case of deposition nucleation
(see Eqs. 3.32 and 3.32 in Sect. 3.6, as well as Sect. 6.4.1 and Fig. 6.12).
Figure 6.17 provides an overview of the observations of dust properties that are used
as aerosol input in the INP concentration retrievals. Dust is the main INP-relevant
aerosol component. The uncertainty in these input profiles is only 30%. The large
uncertainty in the INP concentration estimates of a factor of 3–5 is caused by the use
of the published INP parameterization schemes. Figure 6.18 shows seasonal mean
INP concentration profiles for an air temperature of −25◦C relevant for immersion
freezing and for −50◦C and thus a temperature relevant for deposition nucleation of
ice crystals. The INP levels at 7–8 km height may be representative for the deposi-
tion INP reservoir in the upper troposphere and thus relevant for cirrus formation.
The layer-mean values of the cloud-relevant aerosol quantities for the 3–4 km and
7–8 km height ranges and for the different seasons are listed in Tab. 6.3.
Figure 6.17: Same as Fig. 6.13, except for the seasonal mean dust particle number concentration
n250,d (considering particles with radius > 250 nm) and dust surface area concentration.
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The seasonal mean values for the 3–4 km aerosol layer range from 0.9–3.3 cm−3
(n250,d), 20–75 µm2 cm−3 (dust particle surface area concentration), and 2.3–12 L−1
(immersion freezing INP concentration), during the three non-winter seasons (spring
to autumn). The atmospheric variability is again roughly described by a factor of
2. In case of cloud formation and the evolution of the ice phase, significant lifting of
cloud parcels and cooling of the air parcels occur. Note that the INP concentration
increases by an order of magnitude for the given aerosol concentration when the air
temperature decreases by 5 K triggered for example by the strong lifting in updrafts.
Figure 6.18: Same as Fig. 6.13, except for seasonal mean dust-related INP concentrations
(nINP). The dotted lines show the (mean + SD) values. INP concentration is shown for fixed
temperatures of −25◦C (blue, immersion freezing parameterization of DeMott et al. (2015) is
used) and −50◦C (red, deposition nucleation parameterization of Ullrich et al. (2017) for an ice
supersaturation value of 1.15).
To compare the Dushanbe INP concentration levels with the ones in other dust re-
gions, the literature was checked. Price et al. (2018) performed airborne in situ
measurements and found INP concentrations (immersion freezing, −25◦C) from 10–
1000 L−1 in dust layers from 300 m to 3500 m height over Cabo Verde in the summer
of 2015 in the outflow regime of Saharan dust, less than 1000 km west of the African
coast. The maximum values of the large particle number concentration (coarse-mode
fraction) reached 200 cm−3 and the maximum particle surface area concentrations
were as high as 1500 µm2 cm−3. DeMott et al. (2015) reported in situ measured val-
ues of n250,d of 15–20 cm−3 and INP concentrations (immersion freezing, −25◦C) of
60–100 L−1 in a lofted dust layer around 2 km height over Cabo Verde in July 2011.
Haarig et al. (2019) discussed observations taken in the Saharan dust layer between
2–4 km height in the Caribbean in the summer of 2013, more than 5000 km west of
the African dust sources km, and found INP concentrations of 30–60 L−1 (immersion
freezing, −25◦C) and 10 L−1 in the spring season (March 2014, 2–3 km height). Ans-
mann et al. (2019b) reported a mixed-phase cloud layer (at 5–6 km height) occurring
in desert dust over Cyprus in the Eastern Mediterranean in March 2015, and the
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INP concentration was estimated to be of the order of 1 L−1 at −20◦C which means
about 10 L−1 at −25◦C. Thus the seasonal mean Dushanbe INP concentration levels
in 3–4 km height indicate typical INP conditions in regions influenced by long-range
transport of dust.
The INP reservoir between 7–8 km height contains significant amounts of INPs over
Dushanbe only during the spring and summer seasons. The atmospheric variability
is high and characterized by a factor of 4–6 (one positive SD). The seasonal mean
particle surface area concentrations ranged from 0.7–3.3 µm2 cm−3 in spring and
summer and were around 0.057 µm2 cm−3 in autumn and indicate seasonal mean
INP concentrations (deposition nucleation, −50◦C, ice supersaturation of 1.15) of
2.4 L−1 (spring), 0.55 L−1 (summer), and 0.041 L−1 in autumn. For comparison,
Ansmann et al. (2019a) found over Cyprus in lofted dust at cirrus level (10–11 km
height, −50◦C) INP concentrations (deposition nucleation, for an ice supersatura-
tion value of 1.15) of 5 L−1 and corresponding particle surface area concentrations
around 30 µm2 cm−3. The dust had a strong influence on the cirrus evolution and
life cycle. Thus, during times with strong dust advection to Dushanbe at greater
heights, predominantly during spring and summer, a significant impact of dust on
ice formation in the upper troposphere can be expected.
As a final result, we present the INP concentration profiles for the observed aerosol
conditions in combination with the pressure and temperature profiles from GDAS
(2019) in Fig. 6.19 to give an impression of typical (actual) INP concentration values
for an ice supersaturation of 1.15. It can be seen that only in spring and summer
significant levels of INP concentrations (0.01–1 L−1) occurred in the 6–8 km height
range (mixed-phase cloud and immersion freezing regime) and from 8–10 km height
(ice cloud and deposition nucleation regime). In autumn and winter, the seasonal
means indicate a rather low potential for heterogeneous ice formation at the given
height levels.
Figure 6.19: Same as Fig. 6.18, except considering GDAS temperature and pressure profiles.
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Table 6.3: Overview of layer-mean values of INP-relevant aerosol properties (n250,d for large
dust particle concentration, sd for dust surface area concentration) and dust and non-dust CCN
(nCCN,d, nCCN,nd) at 0.2% supersaturation and INP concentrations for the 3–4 km layers for
spring (MAM), summer (JJA), autumn (SON), and winter (DJF). Immersion-freezing INP con-
centrations (nINP,imm) are given for −25◦C. The range of values is indicated by the sum of the
mean values +SD in brackets.
Season MAM JJA SON DJF
nCCN,d (nCCN,d+SD) [cm−3] 52 (117) 108 (180) 34 (85) 7 (27)
nCCN,nd (nCCN,nd+SD) [cm−3] 214 (401) 425 (650) 250 (511) 104 (228)
n250,d (n250,d+SD) [cm−3] 1.4 (3.9) 3.3 (6.4) 0.9 (2.5) 0.15 (0.63)
sd (sd+SD) [10−12 m2 cm−3] 32 (89) 75 (147) 20 (58) 3.4 (14.5)
nINP,imm (nINP,imm+SD) [L−1] 4 (8) 12 (24) 2.3 (4.7) 0.24 (0.49)
Table 6.4: Same as Tab. 6.3 but for the 7–8 km layers, for spring (MAM), summer (JJA), and
autumn (SON) only, and deposition-nucleation INP concentrations (nINP,dep) for −50◦C at an
ice supersaturation value of 1.15.
Season MAM JJA SON
nCCN,d (nCCN,d+SD) [cm−3] 9 (25) 2 (10) 0.3 (1.6)
nCCN,nd (nCCN,nd+SD) [cm−3] 32 (81) 13 (38) 5 (23)
n250,d (n250,d+SD) [cm−3] 0.14 (0.53) 0.03 (0.16) 0.002 (0.015)
sd (sd+SD) [10−12 m2 cm−3] 3.3 (12.2) 0.76 (3.8) 0.06 (0.36)
nINP,dep (nINP,dep+SD) [L−1] 2.4 (8.9) 0.6 (2.7) 0.04 (0.26)
Chapter 7
Observations part 3: statistics of
intensive optical properties
This chapter is separated from the foregoing chapters because it presents the lidar-
specific particle optical properties such as depolarization and lidar ratio and Ång-
ström exponent which may be only of interest for the lidar science community. The
results are of importance because of the following reasons: (1) Due to the Pol-
lyXT systems’s multiwavelength capability, CADEX provided new data for Central
Asia, where up to now only AERONET derived information on these quantities
were available, which are not accurate enough and are missing vertical information.
(2) These presented data are specifically needed for increasing world wide lidar ac-
tivities focusing on aerosol type characterization based on the Ångström exponent,
the depolarization and the lidar ratio at multiple wavelengths. (3) The spaceborne
lidars CALIPSO/CALIOP (2006–2022), measuring backscatter coefficient and de-
polarization ratio at 532 nm and backscatter coefficient at 1064 nm wavelength and
EarthCARE/ATLID (2022–2025), measuring backscatter and extinction coefficient,
and depolarization ratio at 355 nm, together will provide 20 years of global aerosol
climatologies. To apply accurate aerosol typing, there is a need for comparison and
input data sets and for a harmonization of the different measurement series according
to the different wavelengths. The third satellite lidar mission is Aeolus/ALADIN,
which can measure particle and molecular information at 355 nm wavelength, but is
only measuring the parallel component of the backscattered signal. Therefore, there
is the need of depolarization ratio measurements at 355 nm as input parameter.
First in this chapter, an example case is discussed to explain how the layer-mean
values were obtained. The presented optical properties comprise seasonally resolved
statistics of depolarization and lidar ratio and Ångström exponent (Sect. 7.1). Pure
dust and non-dust cases were selected based on thresholds on the particle depolariza-
tion ratio. Correlation plots between the intensive optical properties amongst each
other and to the extinction coefficient are discussed (Sect. 7.2). The measured dust
lidar and depolarization ratios at both wavelengths are compared to values found in
the literature (Sect. 7.3).
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7.1 Layer-mean optical properties
Figure 7.1 shows an example measurement to illustrate how the layer-mean values
were determined. An averaging height range between 1.5 and 3 km height was chosen
in this example. The lower boundary was selected high enough to minimize possible
overlap error. The layer mean, minimum, maximum and standard deviation were
determined between these boundaries. The layer-mean and standard deviation (SD)
values for this example are given in Fig. 7.1. This averaging method was applied on
all 276 profiles at a vertical smoothing length of 743 m.
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Figure 7.1: Profiles of optical properties measured on 11 June 2015, 18:00–20:59 UTC. (a) Parti-
cle backscatter coefficient at 355 nm (blue), and 532 nm (green), and 1064 nm (red) wavelength,
(b) particle extinction coefficient at 355 nm (blue) and 532 nm (green), (c) particle linear depo-
larization ratio at 355 nm (blue) and 532 nm (green) wavelength, (d) lidar ratio at 355 (blue)
and 532 nm (green) wavelength, (e) extinction-related Ångström exponent (black), backscatter-
related Ångström exponent for the 355/532 nm (light blue) for the 532/1064 nm (magenta)
wavelength pair. The horizontal orange bar indicates the averaging height range at 1.5–3 km
height. All profiles were calculated with the same 743 m vertical smoothing length.
An overview of the entire data analysis in terms of seasonally resolved histograms
for particle depolarization ratio, lidar ratio, and Ångstöm exponent are given in
Figs. 7.2-7.5. The seasonal means of all parameters (Tabs. 7.2 and 7.3) indicate
clearly the mixture of mineral dust with anthropogenic aerosol particles.
The depolarization ratios show a strong spectral dependence, with larger depolariza-
tion ratios at 532 nm than at 355 nm wavelength. The histograms show that the de-
polarization ratios at 355 nm in general are distributed more narrowly than at 532 nm
wavelength (Fig. 7.2). In spring, most depolarization ratios at 355 nm are below
CHAPTER 7. OBSERVATIONS PART 3: STATISTICS 62
Figure 7.2: Histograms, mean value, and standard deviation of layer-mean particle linear depo-
larization ratio at 355 nm (blue, a–d) and 532 nm wavelength (green, d–h) per season for spring
(MAM) (a,e), summer (JJA) (b,f), autumn (SON) (c,g), and winter (DJF) (d,h). The number
of observations per season is given in brackets (a–d).
0.1 (Fig. 7.2a), while the ones at 532 nm are wide spread with a peak at 0.1 though
(Fig. 7.2e). In summer, the depolarization ratios at both wavelength show a broad
distribution, but the values at 355 nm have merely a tail towards larger values. The
opposite is then visible in autumn when the values at 355 nm are distributed around
a peak at around 0.1–0.12 (Fig. 7.2c) and the values at 532 nm peak above 0.2 and
have a long tail towards very low values (Fig. 7.2g). In winter, all depolarization
ratios at 355 nm are well below 0.1 with most values at 0.06–0.08 (Fig. 7.2d), while
the values at 532 nm are more widespread up to 0.18–0.2 (Fig. 7.2h).
CHAPTER 7. OBSERVATIONS PART 3: STATISTICS 63
Figure 7.3: Histograms, mean value, and standard deviation of layer-mean lidar ratio at 355 nm
(blue, a–d) and 532 nm wavelength (green, d–h) per season for spring (MAM) (a,e), summer
(JJA) (b,f), autumn (SON) (c,g), and winter (DJF) (d,h). The number of observations per
season is given in brackets (a–d).
The lidar ratios again show a strong difference between the two wavelengths, with
higher lidar ratios at 355 nm than at 532 nm. The means of the lidar ratios at both
wavelengths are quite constant throughout the year with around 40 sr at 355 nm
and slightly above 30 sr at 532 nm wavelength (Tab. 7.2), except for winter, where
the mean lidar ratio is above 40 sr as well. In winter though, the lidar ratios of the
only few cases have a large spread and the medians deviate strongly from the means
(Fig. 7.5b). The histograms show that the lidar ratio at 532 nm are almost equally
distributed from spring to autumn (Fig. 7.3e–h), with a small tail towards higher
values in spring (Fig. 7.3e). Comparing the lidar ratios at 355 nm to the ones at
532 nm wavelength, the values have a wider distribution in spring (Fig. 7.3a), while
in autumn, a tendency towards higher values is visible (Fig. 7.3c). In winter, the
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lidar ratios at both wavelengths are wide spread (Fig. 7.3d,h).
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Figure 7.4: Histograms, mean value, and standard deviation of layer-mean extinction-related
Ångström exponent (a–d) per season for spring (MAM) (a,e), summer (JJA) (b,f), autumn
(SON) (c,g), and winter (DJF) (d,h). The number of observations per season is given in brackets
(a–d).
The difference of the layer-mean extinction-related Ångström exponents between
the seasons is rather low. Highest mean values are observed in spring and lowest in
summer, while all year, high values above 1.5 can occur (Fig. 7.5c). These values are
not directly comparable to the AERONET Ångström exponent, as it is calculated
from a much broader spectral range (440–870 nm). In addition, except for winter, the
backscatter-related Ångström exponents show significantly lower values (Tab. 7.3).
The lowest value occurring in spring is one of two outliers which is clearly visible in
the histogram (Fig. 7.4a). This result is from a case of a lofted dust layer at a large
height with a small averaging height range. The other not shown case was a very
high layer-mean Ångström exponent of above 3 in autumn at low aerosol loading
and noisy signals. Other than that, most cases of values below 0.5 occur in summer
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which also shows a small tail to large values (Fig. 7.4b). During autumn and winter,
the distribution is similar but more narrow than in the other seasons (Fig. 7.4b,c).
To describe pure dust and non-dust cases, a criterion to restrict the cases has to be
chosen. The used criterion is based on thresholds on the particle depolarization ratio
at 532 nm wavelength. For pure dust, it is larger than 0.31, while for the non-dust
cases, it is smaller than 0.05 according to the POLIPHON thresholds (Sect. 3.6).
These thresholds were applied on the layer-mean particle depolarization ratio at
532 nm wavelength. The results are summarized in Tab. 7.1.
Table 7.1: Mean values ± SD of pure dust and non-dust lidar ratios (S355,532), particle lin-
ear depolarization ratios (δp355,532) at 355 nm and 532 nm wavelength, and extinction-related
Ångström exponent (̊aα355/532). N is the number of cases.
Type N S355 [sr] S532 [sr] δp355 δ
p
532 åα355/532
Dust 17 43±3 39±4 0.24±0.03 0.33±0.01 0.1±0.2
Non-dust 7 50±10 51±10 0.02±0.01 0.03±0.01 1.5±0.3
Table 7.2: Seasonal mean(median) values ± SD of lidar (S355,532) and particle linear depolariza-
tion ratio (δp355,532) at 355 nm and 532 nm wavelength. The range of the values from minimum
to maximum is given in the second row. The number of cases is 276.
Season S355 [sr] S532 [sr] δp355 δ
p
532
MAM 42(40)±8 33(32)±7 0.09(0.08)±0.05 0.17(0.16)±0.07
28–69 21–56 0.02–0.26 0.03–0.34
JJA 40(40)±4 31(31)±5 0.14(0.13)±0.05 0.23(0.22)±0.06
28–57 19–44 0.03–0.29 0.08–0.36
SON 43(43)±5 31(30)±5 0.10(0.11)±0.04 0.19(0.21)±0.07
30–56 23–46 0.02-0.19 0.02–0.29
DJF 42(36)±13 43(39)±14 0.05(0.06)±0.02 0.09(0.10)±0.05
28–65 25–66 0.01–0.08 0.02–0.19
Table 7.3: Seasonal mean(median) values ± SD of backscatter-related (̊aβ355/532,β532/1064)
and extinction-related (̊aα355/532) Ångström exponents . The range of the values from minimum
to maximum is given in the second row. The number of cases is 276.
Season åα355/532 åβ355/532 åβ532/1064
MAM 1.3(1.4)±0.6 0.7(0.7)±0.5 0.7(0.7)±0.2
−0.6–2.2 −0.4–1.8 0.1–1.4
JJA 0.9(0.8)±0.5 0.2(0.2)±0.3 0.4(0.4)±0.2
−0.1–2.4 −0.4–1.2 0.1–1.1
SON 1.2(1.2)±0.5 0.4(0.2)±0.5 0.5(0.4)±0.2
0.3–3.3 −0.2–1.8 0.2–1.1
DJF 1.1(1.1)±0.4 1.1(1.0)±0.3 0.9(0.9)±0.3
0.4–1.8 0.6–1.6 0.2–1.4
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Figure 7.5: Boxplots of layer-mean (a) particle linear depolarization ratio, (b) lidar ratio at
355 nm (blue) and 532 nm wavelength (green), and (c) extinction-related Ångström exponent
(grey). (d) upper (cyan) and lower (brown) limits of the averaging heights used to calculate the
layer means. For the seasons spring (MAM), summer (JJA), autumn (SON), and winter (DJF),
with number of observations in brackets. The boxes extend from the lower to the upper quartile
values of the data with a line at the median. Red squares are the mean. The whiskers extend
1.5 times the interquartile range from the boxes and the fliers (circles) are values outside the
whiskers.
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7.2 Correlations between different optical properties
To further illuminate the aerosol mixing characteristics, the layer-mean optical prop-
erties are plotted against each other. Generally, laser light at 532 nm interacts pre-
dominantly with accumulation mode (diameter ∼ 200–800 nm) and coarse-mode
particles (diameter > 1 µm), whereas 355 nm radiation mainly interacts with fine-
mode particles (diameter < 1 µm). From this difference in radiation interaction,
the differences in the shown correlations for 355 nm and 532 nm wavelength arise
(Mamouri and Ansmann, 2014, 2017; Haarig et al., 2017a).
In Fig. 7.6, the layer-mean particle extinction coefficient is plotted against the layer-
mean lidar ratio, particle depolarization ratio, and extinction-related Ångström ex-
ponent. With decreasing extinction coefficient towards background aerosol condi-
tions, the lidar ratio is getting lower to values of 20–25 sr at 532 nm and 30–35 sr
at 355 nm wavelength (Fig. 7.6a).
a) b) c)
Figure 7.6: Scatter plots of layer-mean extinction coefficient against lidar ratio (a), extinction-
related Ångström exponent (b), and particle linear depolarization ratio (c). Blue for 355 nm
and green for 532 nm wavelength. Extinction coefficient up to 200 Mm−1 only in (a) and with
logarithmic scale in (b,c).
There is a broad scatter in the data for Ångström exponents above 0.5 with strong
increase of extinction coefficient towards dust outbreak conditions when Ångström
exponents are below 0.5 (Fig. 7.6b). On the other hand, the same finding is visible
in Fig. 7.6c, where the particle depolarization ratio is plotted against the extinction
coefficient. But there, we see some cases with large extinction and low depolarization
ratio (< 0.1), meaning that also non-dust (pollution) or low dust mixtures can lead
to high extinction cases. The particle depolarization at 355 nm is less sensitive to
the size of the particles and is always about 0.2–0.25 for the different size ranges
of the fine-mode spectrum of dust (diameter < 1 µm) (Mamouri and Ansmann,
2017). In contrast, the particle depolarization ratio at 532 nm wavelength shows a
high dependence on size with values of 0.15 for fine-mode and 0.35–0.4 for coarse-
mode dust (Mamouri and Ansmann, 2017). During these pure dust conditions, the
extinction coefficient reaches highest values.
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a) b) c)
Figure 7.7: Scatter plots of layer-mean particle linear depolarization ratio against lidar ratio (a),
extinction-related Ångström exponent against particle linear depolarization ratio (b), and against
lidar ratio (c). Blue for 355 nm and green for 532 nm wavelength. The error bars denote the
standard deviation of the mean in the respective averaging range.
In Fig. 7.7, the layer-mean particle depolarization ratio is plotted against the lidar
ratio, and the extinction-related Ångström exponent against the particle depolar-
ization and lidar ratio. Again, a broad distribution of lidar ratios up to about 0.17
depolarization ratio is visible (Fig. 7.7a), indicating a mixture of dust and non-dust
particles. But then from about 0.18–0.25 depolarization ratio, the lidar ratios at
532 nm are again concentrated around 25–35 sr, while above 0.3 they are clearly
larger and indicate pure dust lidar ratios. The lidar ratios accumulating around
20–30 sr at 532 nm wavelength are the cases of background aerosol conditions (low
extinction coefficients) as shown in Fig. 7.6a.
Figure 7.7b reveals an almost linear relationship between particle depolarization ratio
and extinction-related Ångström exponent with a larger scatter at low depolarization
ratios. The higher the Ångström exponent the more non-dust particles are present
and therefore, the particle depolarization is low. Vice-versa, the lower the Ångström
exponent the more dust particles are present and the depolarization ratio is high.
In Fig. 7.7c, the lidar ratios scatter strongly for Ångström exponents ≥ 1.2. At
smaller Ångström exponents (< 0.3), the lidar ratios then are mostly between about
35–45 sr at 355 nm and 30–40 sr at 532 nm wavelength and again point to pure dust
lidar ratios.
7.3 Comparison to other observations
7.3.1 Dust lidar ratio
Western Saharan dust is found to have lidar ratios of 50–60 sr at 532 nm wavelength
(e.g., Groß et al., 2015; Tesche et al., 2009b). Schuster et al. (2012) used AERONET
data sets to retrieve pure dust lidar ratios and found lower values for West Asian
and eastern Saharan dust than western Saharan dust. Similar results were found
from Raman lidar measurements in Cyprus with lidar ratios of 35–45 sr at 532 nm
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wavelength for Middle Eastern dust (Mamouri et al., 2013; Nisantzi et al., 2015).
In east Asia, lidar ratios of Asian dust of, for example, 47±18 sr (Sakai et al., 2003)
and 42–73 sr (Liu et al., 2002) at 532 nm wavelength were reported. In China, lidar
ratios of 40±5 sr (Tesche et al., 2007) and 35±5 sr (Müller et al., 2007) at 532 nm
wavelength for dust from the Gobi desert were measured. From AERONET, Shin
et al. (2018) derived dust lidar ratios in different regions at different wavelengths.
They found larger lidar ratios for Gobi dust than for Arabian dust, and largest lidar
ratios for Saharan dust. Their values for Gobi dust at 440 nm (675 nm) wavelength
were 59±7 sr (41±5 sr), for Arabian dust 54±7 sr (37±4 sr), and for Saharan dust
68±12 sr (49±8 sr).
The situation in Central Asia was even more unclear, as almost no measurements
existed. Jin et al. (2010) used constrains to retrieve a dust lidar ratio of 42±3 sr
at 532 nm wavelength in Aksu (northwestern Taklamakan). Directly in the source
region in Kashgar (eastern Taklamakan), lidar ratios of pure dust of about 50 sr at
355 nm and 45 sr at 532 nm wavelength were measured (Hu et al., 2019) during
strong dust outbreaks. Chen et al. (2013) measured very low, partially questionable
lidar ratios of 8–29 sr at 532 nm wavelength in weakly depolarizing dust layers in
Kyrgyzstan. For dust from the Caspian and Aral sea region, a lidar ratio of 43±3 sr
at 532 nm was measured (Dieudonné et al., 2015). For lidar ratios at 355 nm wave-
length only few measurements are available. Close to the Gobi desert, Chao et al.
(2013) measured lidar ratios between 40–70 sr for aerosol with depolarization ra-
tios of about 0.15 at 355 nm wavelength. Noh et al. (2008) measured long-range
transported dust in Korea having a lidar ratio of 56±10 sr at 355 nm for aerosol
with a depolarization ratio larger than 0.15 at 532 nm wavelength. Murayama and
Sekiguchi (2006) measured lidar ratios of 58±6 sr at 355 nm and 42±5 sr at 532 nm
wavelength for a lofted dust layer (particle depolarization of 0.33±0.04 at 532 nm)
originating from southern Mongolia.
Concerning the measurements in Tajikistan during CADEX, the mean pure dust li-
dar ratios of 43±3 sr and 39±4 sr are in good agreement with these literature values,
but show a rather low wavelength dependence.
However, the low lidar ratios at elevated depolarization ratios (∼ 25–35 sr lidar ratio
and ∼ 0.10–0.25 depolarization ratio at 532 nm wavelength) measured in Dushanbe
occur at low extinction, i.e., during background aerosol conditions and therefore,
can not be compared to values found for polluted/mixed dust in the literature, e.g.,
53±14 sr (Papagiannopoulos et al., 2016), 42±9 sr (Müller et al., 2007), or 51±6 sr
(Noh et al., 2008) at 532 nm wavelength. Aside Chen et al. (2013), also Tesche et al.
(2007) measured very low lidar ratio values in a case of rural background aerosol
in northern China. Backward trajectories showed that the air masses in that case
crossed southern Siberia and eastern Mongolia and were not affected by significant
anthropogenic sources. However, the depolarization ratio was low with ∼ 0.05 at
532 nm, while during CADEX the low lidar ratios occurred in a broad and higher
range of depolarization ratios.
Low lidar ratios of around 15–30 sr at both 355 nm and 532 nm wavelength usu-
ally are characteristic for marine aerosol/sea salt having a low depolarization ratio
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(< 0.03) (e.g., Bohlmann et al., 2018; Groß et al., 2011). Haarig et al. (2017b) ob-
served dried and therefore cubic-like shaped marine particles having slightly higher
lidar ratios of 27±6 sr at 355 nm and 25±3 sr at 532 nm while having significantly
higher depolarization ratios of 0.12±0.08 at 355 nm and 0.15±0.04 at 532 nm. These
values are similar to the CADEX observations. Dry lakes/saline playas are a signi-
ficant source of atmospheric dust in Asia (Abuduwaili et al., 2010; Issanova et al.,
2015), which leads to the speculation that salt aerosol could be a reason for the
observed low lidar ratios in Dushanbe.
7.3.2 Dust particle linear depolarization ratio
For lofted dust from the Caspian and Aral sea region, Dieudonné et al. (2015) mea-
sured a particle linear depolarization ratio of 0.23±0.02 at 532 nm wavelength. From
the Kyrgyzstan station depolarization ratio values of 0.1–0.15 for lofted dust layers
(Chen et al., 2013) and around 0.2 at 532 nm wavelength for near-ground dust lay-
ers were reported (Chen and Sverdlik, 2007). But it has to be considered that this
station is already located at 1.9 km a.s.l. In Aksu (northwestern Taklamakan), Kai
et al. (2008) measured depolarization ratios at 532 nm wavelength of 0.09–0.11 in a
lofted dust layer and 0.18–0.33 in a near-ground dust layer. Iwasaka et al. (2003)
measured a depolarization ratio of 0.27 at 532 nm wavelength in a lofted dust layer in
Dunhuang (northern Taklamakan). Most of these values indicate that those studies
reported polluted/mixed dust.
The measured depolarization ratios of pure dust during CADEX are mostly higher
than these literature values for dust measured in or close to Central Asia. The pure
dust depolarization ratios during CADEX are 0.24±0.03 at 355 nm and 0.33±0.01
at 532 nm wavelength. This is comparable to the values of fresh Saharan dust
(0.22–0.31 at 355 nm and 0.27–0.35 at 532 nm) (Freudenthaler et al., 2009), Middle
Eastern dust (0.25–0.32 at 532 nm) (Mamouri et al., 2016), long-range transported
dust (0.21–0.27 at 355 nm) (Burton et al., 2015; Groß et al., 2015; Haarig et al., 2016,
2017a)), or pure dust in the source region (Kashgar, eastern Taklamakan) (0.30 at
355 nm, 0.35 at 532 nm, and 0.31 at 1064 nm) (Hu et al., 2019).
Chapter 8
Summary, conclusion, and
outlook
For the first time, a comprehensive characterization of optical, microphysical, and
cloud-relevant properties of Central Asian aerosol particles with a state-of-the-art
lidar has been performed. This study fills a gap between observations in East-
ern Mediterranean (e.g., in Greece, Cyprus, and Israel) and Eastern Asian (e.g, in
China, Korea, and Japan) aerosol monitoring.
During the Central Asian Dust Experiment (CADEX), an automatic multiwave-
length polarization Raman lidar PollyXT was operated in Dushanbe, Tajikistan,
from 17 March 2015 until 31 August 2016. During the 18-month campaign, on 487
days, lidar data has been acquired for a time period of at least 3 h. On 308 of these
days, the lidar ran even longer than 20 h. 328 manually analyzed profiles of night-
time observations build the data basis of this study and cover well the annual cycle
of dust and pollution aerosol layering. Thorough quality assurance and calibration
efforts have been made before, during, and after the measurement campaign.
With the lidar, vertical profiles of the particle backscatter coefficient at 355 nm,
532 nm, and 1064 nm, of the particle extinction coefficient at 355 nm and 532 nm,
and of the particle linear depolarization ratio at 355 nm and 532 nm wavelength
were determined. From these quantities, lidar ratios and backscatter-related and
extinction-related Ångström exponents were derived. Furthermore, the optical prop-
erties were converted to mass concentration and cloud-relevant parameters (CCN and
INP concentration) by means of the recently developed lidar technique POLIPHON.
The main findings are the following:
1. The seasonal mean extinction profiles show that the main aerosol layer reaches
up to 5–5.5 km in spring, summer, and autumn and to about 2 km in winter.
Typical particle extinction values are 25–50 Mm−1 in spring and autumn, 50–
100 Mm−1 in summer, and 50–150 Mm−1 during the winter season. Near-surface
extinction values are highest in winter during the domestic heating period. Dur-
ing dust storm conditions in summer, though, extinction coefficients of up to
1500 Mm−1 were measured. The aerosol optical thickness (AOT) from lidar
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extinction coefficient profiles compares well to sun photometer measurements.
Most dust optical thickness (DOT) values are below 0.2. The contribution of
different height ranges to the total AOT and DOT show that in spring and
summer, the lowermost 1.5 km contribute about 50% and in winter, about 80%
to the total AOT and DOT, respectively. The largest amount of AOT and DOT
in the middle and upper troposphere (above 4.5 km height) is observed during
spring with about 10%.
2. The main aerosol layer reaches to 3–5 km height over Dushanbe which implies
that many snow-covered (glaciated) regions of Central Asia are continuously
exposed to dust and pollution aerosol during large parts of the year. Frequently,
traces of dust are detected up to 11 km indicating that dust is present almost
everywhere in the troposphere influencing ice formation in mid-level and high-
altitude clouds.
3. Mixtures of dust and anthropogenic aerosol particles prevail. The typical dust
fractions range from 60–80% in terms of mass concentration. The background
aerosol shows enhanced depolarization ratios at relatively low lidar ratios (20–
25 sr). Such depolarization and lidar ratio values are typical for non-spherical
and less light absorbing particles such as dried salt particles. It remains an
open question to what extent desiccated lakes and corresponding emissions of
salt dust contribute to the background aerosol in Central Asia.
4. Backtrajectory cluster analyses showed that in the main aerosol layer, local and
regional aerosols dominate the aerosol conditions over Dushanbe in summer as
well as in winter. Source regions are northern Afghanistan, southwestern Taji-
kistan, Turkmenistan, southern Uzbekistan, the region downwind the Caspian
Sea, and the Aralkum desert. The upper tropospheric air mass transport shows
that the aerosol originates mainly from Middle East deserts and North Africa,
but also from polluted Mediterranean and eastern European regions.
5. The lidar-specific results of layer-mean intensive optical properties are of impor-
tance as input for present and future space lidar missions and global lidar based
aerosol typing efforts. The seasonal means of all parameters indicate clearly the
mixture of mineral dust with anthropogenic aerosol particles. During periods of
larger extinction, the extinction-related Ångström exponent is decreasing and
the particle depolarization ratios are strongly increased towards maximum val-
ues of 0.29 at 355 nm and 0.36 at 532 nm wavelength clearly indicating dust
outbreak conditions. For these pure dust cases, a mean lidar ratio (particle de-
polarization ratio) of 43±3 sr (0.24±0.03) at 355 nm and 39±4 sr (0.33±0.01)
at 532 nm wavelength and a mean extinction-related Ångström exponent of
0.1±0.2 were measured.
Typical mean dust mass concentrations in the lowermost 2.5 km of the atmo-
sphere are 100 µg m−3 (spring), 200–600 µg m−3 (summer), 100–300 µg m−3
(autumn), and 20–50 µg m−3 (winter). The seasonal mean values for anthro-
pogenic haze and biomass burning smoke are an order of magnitude lower with
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typical values (up to 2.5 km height) of 10–20 µg m−3 (spring to autumn), and
20–50 µg m−3 during the domestic heating period. Mean dust CCN concentra-
tions (at 0.2% supersaturation) are of the order of 50 cm−3 (spring), 100 cm−3
(summer), and 30–50 cm−3 (autumn) and non-dust CCN concentrations of the
order of 200 cm−3 (spring), 400 cm−3 (summer), and 250 cm−3 (autumn) for
the 3–4 km height layer during the summer half year (spring to autumn). These
CCN levels over Dushanbe indicate moderately polluted continental aerosol
background conditions. The seasonal mean INP concentrations for the 3–4 km
aerosol layer (immersion freezing, −25◦C) range from 2.3–12 L−1, during spring
to autumn. The seasonal mean INP concentrations for the 7–8 km aerosol layer
(deposition nucleation, −50◦C, ice supersaturation of 1.15) are 2.4 L−1 (spring),
0.55 L−1 (summer), and 0.041 L−1 in autumn. From these INP levels, predomi-
nantly during spring and summer, a significant impact of dust on heterogeneous
ice formation in the upper troposphere can be expected.
In conclusion, a systematic monitoring of the annual cycle of particle extinction
profiles, aerosol and dust optical thickness, and cloud-relevant parameters such as
CCN and INP concentrations in Central Asia has been performed for the first time.
These data sets are required by climate and aerosol transport model groups for
validation efforts or can be used as aerosol input data in climate models. For li-
dar based aerosol typing, especially with present and future spaceborne lidars such
as CALIPSO/CALIOP, EarthCARE/ATLID, and Aeolus/ALADIN, important data
sets in terms of particle linear depolarization ratio, lidar ratio, and Ångström expo-
nent have been established for a region for which no data were available before.
As an outlook, more long-term lidar stations are needed, especially as ground truth
stations for spaceborne lidar missions and for aerosol-cloud interaction studies. Re-
cently, a new PollyXT system was installed in Dushanbe and will be deployed at
least for the next 5–10 years to perform continuous aerosol observations. This lidar
is able to measure microphysical properties of pure water clouds with a recently de-
veloped dual field-of-view method. This facilitates aerosol-cloud interaction studies
for liquid-water clouds, but for mixed-phase clouds, a combination of lidar and cloud-
radar would be needed. Aiming at this, the next step could be the installation of a
cloud-radar station in Tajikistan in the framework of ACTRIS (European Research
Infrastructure for the observation of Aerosol, Clouds and Trace Gases).
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Kandler, K., Schütz, L., Deutscher, C., Ebert, M., Hofmann, H., Jäckel, S., Jaenicke,
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L., Prévôt, A. S. H., Swietlicki, E., Andreae, M. O., Artaxo, P., Wiedensohler, A.,
Ogren, J., Matsuki, A., Yum, S. S., Stratmann, F., Baltensperger, U., and Gysel,
M.: Long-term cloud condensation nuclei number concentration, particle number
size distribution and chemical composition measurements at regionally representa-
tive observatories, Atmos. Chem. Phys., 18, 2853–2881, doi:10.5194/acp-18-2853-
2018, 2018.
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